Low temperature high performance indium tin oxide films and applications by HU JIANQIAO
LOW TEMPERATURE HIGH PERFORMANCE INDIUM 
















A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF MATERIALS SCIENCE 







First of all, I would like to thank my supervisors, Dr. Zhu Furong (IMRE) and 
Associate Professor Gong Hao (Department of Materials Science, NUS). Working with 
both of my supervisors proved to be successful and productive. I am indebted to Dr Zhu 
for his continuous guidance, constructive comments, technical and moral support during 
the course of this study.  My thinking has been immeasurably sharpened by having so 
many invaluable discussions with Dr Zhu. I am grateful to Professor Gong for 
providing excellent supervision throughout the whole project.  His support and 
invaluable advice were greatly appreciated. It’s been my good fortune to be their 
student. I can never say it enough: Thank you so much for everything.  
 
This project would not have been possible without much assistance from 
scientists at IMRE as well as excellent research environment provided by IMRE. I 
would like to thank a few more special persons here. Dr Pan Jisheng, for technical 
assistance on XPS measurements and data interpretation, Dr Zhang Jian, for his help 
with ITO-QCM sensor fabrication and testing. I would also like to thank research staff 
and students from Dr Zhu’s group, Dr Hao Xiaotao, Mr Ong Kian Soo, Ms Tan Li Wei, 
Ms Li Yanqing and Mr Roshan Shrestha, for their patient and generous technical 
assistance. It has been a pleasure and a privilege for me to work with them.  
 
I am very grateful to my mum and dad for their consistent encouragement, 
support and understanding during my study in Singapore. Both of them have guided and 
 I
changed my life with brighter and prosperous future. Without them, I will not be what I 
am today. I love them all.  
 
Completing this PhD study has been the most challenging time in my life. Many 
thanks to my best friends, for cheering me up when I was depressed.  
 
My postgraduate study was fully supported by IMRE’s Postgraduate Research 
Scholarship and IMRE Top-Up Awards.  
 II
TABLE OF CONTENTS 
 
Acknowledgement………………………………..……...…………..…………….………I 
Table of contents………………….………...…….…….………………………...……..III 
Summary………………………………….....………………………..………...…….….VI 
List of tables……………………………………...…………………………………..VIII 
List of figures……………..………………………..............…….………………….…IX 
Abbreviations…………………………………....………….………………………….XIII 
List of publications…………………………………....………….……………………XV 
Chapter 1 Introduction…………………………………...…………………………….1 
References……………………………………………………….…..…………………….7 
Chapter 2 Theory and literature Review……………………..….……………..………9 
2.1 Band structure of ITO.…….…………….…………………………………………….9 
2.2 Electrical properties of ITO…………………………………………………….……12 
2.2.1 Carrier concentration……....……………………………………………………….13 
2.2.2 Carrier mobility…………………………….…….…………………………………....17 
2.3 Optical properties of ITO……..…………………..…….…………………..………..19 
2.4 Surface electronic properties of ITO…………………………………………………21 
2.5 Growth of ITO films…………………………………………………………………………...25  
References………………………………………………………………………………..32
Chapter 3 Experimental ……………………………………………………………….37 
 III
3.1 Thin film and device fabrication system …………………………………………….37 
3.2 Film characterization techniques……………………….……..……..…………..…38 
3.2.1 Four-point probe………….………………………………………………………..38 
3.2.2 Hall effect…………………………………………………………………………..39 
3.2.3 UV-visible spectrophotometer……………………………………………………..41 
3.2.4 Photoelectron spectroscopy………………………………………………….…….42 
3.3 Device fabrication…………………………..………………………………………..45 
3.3.1 Fabrication of OLEDs……………………………………………………….……..45 
3.3.2 Fabrication of ITO-QCM…..……….…………………..…………...……………..49 
References………………………………………………..……………………….……...52 
Chapter 4 Properties of low temperature ITO and OLED application …………….53 
4.1 Preparation of ITO films……………………………………………………………..55 
4.2 Electrical and optical properties…………………………………………..……..…...56 
4.3 Surface electronic properties ………………………………...………………………61 
4.4 Optimal ITO anode contact for efficient OLEDs…………………………………….67 
4.4.1 Effect of bulk carrier concentration………………………………………………..67 
4.4.2 Effect of ITO surface modification………………………………………………...73 
4.5 Conclusions…………………....…………..…………………………………………78 
References……………….………………………………………..……………….……..81 
Chapter 5 Flexible OLED……………….………………………..………...………….83 
5.1 Properties of polymer reinforced ultra-thin flexible glass…………………………...85 
 IV
5.2 ITO on the ultra-thin flexible glass……………………………………..……………91 
5.3 Flexible OLED performance…………………………………………………………………94 
5.4 Conclusions…………………………………………………………………………..97 
References…………………….…………………………….....……………………...…99 
Chapter 6 Surface electronic properties of NO-treated ITO……………………….100 
6.1 In situ four-point probe studies of NO adsorption.…………………………………101 
6.2 In situ XPS studies of NO adsorption………………………………………………106 
6.3 Conclusions…..……………………………...……………………...………………115 
References……………………………………………………….……………..……….117 
Chapter 7 Exploration of ITO as a sensing element towards NO in air…………119 
7.1 Sensing properties…………………………………………………………………..121 
7.2 XPS and four-point probe analyses…………………………………………………127 
7.3 Conclusions……………………………………………………………………………………132 
References………………………………………………………………………………………….134 
Chapter 8 Conclusions and future work……………………………………………137 
8.1 Conclusions…………………………………………………………………………137 





        Low-temperature transparent conducting oxide (TCO) film is a prerequisite for 
organic electronics that preclude the use of a high temperature process. For instance, 
flexible organic light emitting devices (OLEDs) made with polyester, polyethylene 
terephthalate (PET) and other plastic foils are not compatible with a high temperature 
process. Therefore, the development of TCO films with smooth surfaces, high electric 
conductivity and high optical transparency over the visible spectrum at a low processing 
temperature is of practical importance for flexible OLEDs.  
 
The aim of this research was to undertake a systematic study on the 
development of high quality low-temperature indium tin oxide (ITO) films and the 
optimization of its properties for device applications. A radio frequency (RF) magnetron 
sputtering system was used for the film deposition. The electrical, optical, and surface 
electronic properties were characterized and optimized. Different characterization 
techniques including X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron 
spectroscopy (UPS), in-situ four-point probe, atomic force microscopy (AFM), Hall 
Effect, and UV-visible spectrophotometer were used.  
 
The properties of the ITO films were optimized by introducing hydrogen species 
into the sputtering gas mixture. ITO films with the thickness of 130 nm and sheet 
resistance of 25 ± 5 Ω/sq can be fabricated over the hydrogen partial pressure from 1 – 
3 × 10-3 Pa and the films with an average transmittance of above 85% over the visible 
 VI
wavelength were obtained. The surface electronic properties of ITO films were found to 
be relevant to the carrier concentrations. The work function can be modulated up to 
~0.3 eV by varying the hydrogen partial pressures from 0 – 3.2 × 10-3 Pa, which was 
attributed to the variations in the surface band bending. The anode contact in an OLED 
can be optimized by controlling ITO bulk carrier concentration and its surface 
properties through surface modifications. These findings provided a basis for 
engineering the ITO properties desired for an efficient OLED. Flexible OLEDs using 
polymer-reinforced ultra-thin glass were fabricated. They had higher luminance than the 
one made on the rigid glass because the polymer-reinforced ultra-thin glass has a better 
refractive index match between the substrate and the OLED components, which may 
enhance light extraction. A maximum efficiency of 5.1 cd/A at an operating voltage of 5 
V was obtained. This was comparable to that of an identical device made with the 
commercial ITO-coated rigid glass substrate. The surface electronic properties of NO-
treated ITO were also examined. A reduction in the carrier concentration near the 
surface region of ITO, which was induced by NO adsorption, can result in a shift of 
~0.2 eV in VBM edge. As a consequence, the presence of a NO-induced upward surface 
band bending led to an increase in the sheet resistance.  The clear understanding of the 
interaction of ITO with NO enabled us to explore the potential of a room temperature 
sensor using ITO as a sensing element in the QCM structure. The results confirmed the 
effectiveness of NO modification of ITO surfaces and revealed that ITO has a potential 
for NO sensors. 
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Thin films of transparent oxide semiconductors, also known as transparent 
conducting oxides (TCOs), have widespread applications in opto-electronic devices due 
to their unique properties of high electric conductivity and optical transparency in the 
visible wavelength region. Cadmium oxide (CdO) thin film, prepared by thermal 
oxidation of sputtered-cadmium was the first material reported to possess both 
transparent and conducting properties [1]. Although a thin layer of metal (~10-20 nm), 
such as Au, Ag, Cu, etc., is electrically conducting and optically semitransparent, it is 
usually not very stable as an active component in air for device applications. In 
comparison with the semitransparent ultra-thin metal layer, thin films of TCOs have 
advantages in many applications. This is because TCO layers are more stable, more 
transparent and harder than metallic thin films in air.  
 
 In general, properly doped materials like ZnO, SnO2, and In2O3 are used 
individually or in separate layers or as mixtures such as indium tin oxide (ITO) and zinc 
indium oxide (IZO) [2] for making TCO coatings. Almost all these TCO films are n-
type oxide semiconductors, in which the majority carriers are electrons induced by 
stoichiometric deviation. There has been an increased research activity in development 
of p-type TCOs. Kawazoe et al [3] reported that the transparent CuAlO2 thin films have 
p-type conductivity at room temperature. Although the conductivity of this new p-type 
TCO was far lower than its n-type counterparts, it opened the way to some novel 
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applications using both n-type and p-type TCO layers to form a transparent p-n 
junction.  
 
The properties of TCO films are usually optimised accordingly to meet the 
requirements in various applications that involve TCO materials. The light scattering 
effect due to the usage of textured TCO substrates showed an enhanced absorbance in 
thin film amorphous silicon solar cells [4,5]. However, a rough ITO surface is 
detrimental for organic light emitting devices (OLEDs) applications. The high electric 
fields created by the rough ITO anode can cause shorts in the thin functional organic 
layers.  
 
 Among the existing TCOs, ITO is one of the most frequently used materials in 
practical applications. Thin films of ITO have found many applications in anti-static 
coatings, heat mirrors, solar cells [6], flat panel displays [7], sensors [8], and OLEDs [9-
11]. ITO film has attracted much attention because of its unique characteristics, such as 
good conductivity, high optical transmittance over the visible wavelength region, 
excellent adhesion to the substrates, stable chemical properties, and easy patterning 
ability. These unique properties are very important for practical applications and are 
strongly dependent on microstructure, stoichiometry, the nature of impurities in the 
films and the deposition process. 
 
 The reproducible thin films of ITO can be prepared by many techniques 
including thermal evaporation deposition [12], magnetron sputtering [13,14], electron 
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beam evaporation [15], spray pyrolysis [16], chemical vapour deposition [17], dip-
coating [18,19] and pulsed laser deposition methods [20,21]. Amongst these available 
techniques for fabricating ITO films, the direct current (DC) or radio frequency (RF) 
magnetron sputtering method is most often used to prepare ITO thin films for a wide 
range of applications. The ITO film quality is determined by a number of factors such 
as thickness uniformity, surface morphology, optical transparency and electrical 
conductivity. In addition, the deposition technologies and the process conditions also 
affect the structure and doping concentration. 
  
    ITO films have been widely used as transparent electrodes in flat panel 
displays including plasma TVs, liquid crystal displays (LCDs) and OLEDs. The present 
OLED technologies employ rigid substrates, such as glass, but flexible device structures 
are extremely promising for future applications. The use of thin flexible substrates will 
significantly reduce the weight of flat panel displays and provide the ability to bend a 
display into any desired shape. Flexible OLEDs will also make possible the fabrication 
of displays by continuous roll processing, thus providing the basis for very-low-cost 
mass production. Because of this recent requirement in flexible OLEDs, there is a need 
in depositing high quality ITO film on plastic or other flexible substrate. However, 
plastic substrates, such as polyester, polyethylene terephthalate (PET) are not 
compatible to high temperature plasma process, which is commonly used for depositing 
ITO on the rigid glass [22]. Usually, a processing temperature of above 200 oC is 
required for preparing ITO films with the low electrical resistivity and high optical 
transparency in the visible wavelength region [23]. ITO films formed at a processing 
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temperature below 200 oC often have relatively higher resistivity and lower optical 
transparency than the films prepared at a high substrate temperature. In the application 
of organic electronics, it is often required to coat an active layer on functional organic 
substrates that are not compatible with a high processing temperature. Therefore the 
development of high quality ITO films with smooth surfaces, low resistivity and high 
transmission over the visible spectrum at a low processing temperature is of practical 
importance.  
 
In addition to the unique optical and electrical characteristics of bulk ITO, the 
surface properties of ITO also play an important role in determining the device 
performance. For example, ITO is used as one of the active components in gas sensors. 
The sensitivity of ITO sensors is related closely to the changes in the film resistance 
that is induced due to the modification of the surface potential. Therefore, the 
fundamental understanding of interaction between ITO and target gases is important. 
The ITO contact in OLED plays a crucial role in determining the device performance. 
At the moment the availability of ITO in the market is mainly for the use in the 
fabrication of LCD, which may not be ideal for the OLED application. In OLEDs, ITO 
serves anode for the hole injection. Interface between ITO and organic material has 
attracted considerable interest. Much effort has been focused on understanding the 
effect of ITO surface electronic properties on OLED performance. Different ITO 
surface modifications including various surface cleaning techniques using acid or base 
solutions [24], and a variety of plasma treatments [25-28] have been reported.  
       
                                                                                                       4
                                                                                                        Chapter 1 Introduction                          
The purpose of this work was to carry out a systematic research on developing 
high quality ITO films at a low processing temperature, studying their optical, electrical 
and surface electronic properties and exploring their potential for device applications.  It 
aims at obtaining high performance ITO thin film with desired properties at a low 
processing temperature for OLED and sensor applications. The principal objectives of 
the work are: 
1. to develop high performance ITO using RF magnetron sputtering at a low 
temperature and optimize the process conditions for potential device 
fabrications;  
2. to characterize and analyze the electrical, optical and surface electronic 
properties of ITO films; 
3. to study the effect of surface electronic properties of ITO on luminance 
efficiency of OLED; 
4. to investigate nitric oxide (NO) adsorption on ITO surface and explore the use 
of ITO in QCM for sensor application. 
        
The results obtained from this work provided a technical guidance and 
fundamental understanding for developing high quality ITO films that are suitable for 
use in organic electronics. Both material properties and processing conditions were 
investigated and optimized. The low temperature ITO thus developed was also used as 
anode for OLEDs. A set of identical OLEDs was made on ITO with different carrier 
concentrations. The current density-luminance-voltage characteristics (J-L-V) of the 
devices indicated that the carrier concentration in ITO played a role in improving the 
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device performance. The increase in luminance efficiency of the OLEDs reflected an 
improved hole-electron current balance in the device. The origin of the ITO band 
bending and its effect on hole-injection in an OLED were discussed. Electroluminescent 
(EL) performance of OLED made with NO plasma treated ITO was also improved 
substantially. The results obtained have direct implications for developing novel 
OLEDs using flexible plastic substrates. In addition, a clear understanding on the 
interaction of ITO with NO also provided a basis for exploring potential applications of 
ITO-coated quartz crystal microbalance (QCM) gas sensors.   
 
The following chapter provides a brief summary of basic properties and the 
results of some recent topical research work on TCO. The material properties and 
technical aspects related to the ITO films, including the principles of sputtering 
technique, ITO band structure, conduction mechanism and the optical properties of ITO 
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CHATPER 2 THEORY AND LITERATURE REVIEW 
 
 




ITO is formed by substitutional doping of In2O3 with Sn which replaces the In3+ 
atoms from the cubic bixbyte structure of indium oxide [1]. Sn in ITO is postulated to 
form an interstitial bond with oxygen and it exists either as SnO or SnO2 with the 
valence of +2 and +4 respectively. Sn2+ results in a net reduction in carrier 
concentration as a hole is created, acting as a trap and reducing conductivity. Sn4+ 
substitutes for the In3+ cation creating a donor level in the energy band gap and 
releasing electrons to the conduction band as an n-type donor. On the other hand, In2O3 
is usually oxygen deficient. The oxygen vacancies give rise to a shallow donor level just 
below the conduction band. They act as doubly ionized donors and contribute at 
maximum two electrons. Therefore, both substitutional tin dopants and oxygen vacancy 
donors contribute to the conductivity of ITO. 
 
Hamberg and Granqvist [2] have proposed a simple band structure to explain the 
conduction mechanism in In2O3. According to their model, both doped-In2O3 and un-
doped In2O3 band structures, shown in Fig. 2.1 are parabolic. With the top of the 
valence band as reference energy, the dispersions for the unperturbed valence band, 
Ev0(k), and conduction band, Ec0 (k), can be expressed as: 
Ev0 (k) = − ћk2/2mv*,                                                                                                     (2.1) 
and  
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Ec0 (k) = Eg0 + ћk2/2mc*,                                                                                              (2.2) 
where mc* and mv* are the effective mass of the carriers in the conduction and valence 
bands, Eg0 is the band gap of the un-doped semiconductor, k is the wave number, and 
superscript 0 denotes unperturbed bands. 
 





Fig. 2.1 The proposed band structure of undoped In2O3 (a), and the effect of Sn 
doping (b). (adapted from [2] I. Hamberg, C. G. Granqvist, K. F. Berggren, B. E. 
Sernelius and L. Engstrom, Phys. Rev. B 30 (1984) 3240.) 
 
 
On the basis of controlled valence representation [3], Fan and Goodenough [1] 
suggested that the conduction band is mainly from In:5s electrons and the valence band 
is from O2−:2p electrons. For stoichiometric In2O3, the Fermi energy Ef is located half-
way between the energy bands. Usually In2O3 is somewhat reduced, and these oxygen 
vacancies, symbolized as V0, give rise to shallow donor states just below conduction 
band. In oxygen-deficient In2O3 samples, Ef lies between the donor level and the 
conduction band minimum.  
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In2O3 is usually a typical non-stoichiometric oxide semiconductor material, with 
an In/O ratio larger than 2/3. The nature of its non-stoichiometry results in an n-type 
semiconductor or even a semimetal at high electron concentration. The defect structure 
of In2O3 has been studied by De Wit et al [4,5]. Oxygen vacancies are considered to be 
predominating point defects in In2O3 according to the following reaction: 
2InxIn + 3OxO ⇄ 2InxIn + 3VO + 6e′ + 2
3 O2 (g).                                              (2.3)  
Frank and Kostlin [6] have proposed that an oxygen deficient In2O3 can be denoted as 
In2O3-x (VO)x e2x′, where x is normally less than 0.01. VO denotes doubly charged 
oxygen vacancies and e′ denotes electrons which are needed for charge neutrality on the 
macroscopic scale. 
 
For un-doped In2O3, the conduction band is curved upwards, the valence band is 
curved downwards and the Fermi level is located in the middle of the band gap. The 
addition of Sn dopants results in the formation of donor states just below the conduction 
band. As the donor concentration increases, an impurity band is formed which overlaps 
the bottom of the conduction band, producing a degenerate semiconductor. As a result 
of heavy doping in the material, the lowest states are usually occupied in the conduction 
band leading to a widening of Eg. On the other hand, electron-electron and electron-
impurity scatterings tend to decrease the gap. This is illustrated by setting Eg0 > W in 
Fig. 2.1, where W is the energy difference between the top of valence band and bottom 
of the conduction band in ITO. These effects can be described by replacing the 
dispersion of unperturbed bands by the following relations: 
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Ev (k) = Ev0 (k) + ћ ,                                                                                          (2.4) ∑v k )(
and     
Ec (k) = Ec0 (k) + ћ∑ ,                                                                                          (2.5)  c k)(
where ћ  and ћ  are self-energies due to electron-electron and electron-
impurity scattering.  
∑v k )( ∑c k)(
 
In case of ITO, Sn:5s level is stabilized just below Ec. Unlike oxygen vacancies 
VO, a two-electron donor level, Sn:5s level is regarded as a one-electron donor level. 
When a small amount of Sn is added to In2O3, Sn enters substitutionally in the cation 
sublattice. Hence, Sn4+ replaces In3+ and acts as an n-type donor. The doped- In2O3 can 
be represented as In2-ySnyO3ey. Hence, VO and Sn:5s donor levels co-exist and both 
contribute free electrons in the ITO films. 
 




Electrical conductivity (σ) depends on the concentration (N) and mobility (μ) of 
the relevant free carrier as follows:   
σ = Nμe,    (2.6)  
where e is the electron charge. Both high carrier concentration and mobility are required 
simultaneously to obtain films with high conductivity. 
The electrical properties of the oxide semiconductors depend critically upon the 
oxidation state of the metal component (stoichiometry of the oxide) and on the nature 
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and quantity of impurities incorporated in the films. Perfectly stoichiometric oxides are 
either insulators or ionic conductors. Effective doping can be achieved if the dopant is 
of the same size or smaller than the host ion it replaces and if no compounds of the 
dopant oxide with host oxide are formed.  
 
In ITO films, tin acts as a cationic dopant in the lattice and substitutes indium. 
Indium has a valence of three, the tin doping results in n-type doping of the lattice by 
providing an electron to the conduction band. Therefore, the overall charge neutrality is 
preserved. Hence, the theoretical maximum carrier density, due to only Sn doping, is 
3.0 × 1020 × CSn (at. %), where CSn is the tin concentration. However, practically, the 
carrier concentration does not increase accordingly as expected [7]. 
 
2.2.1 Carrier concentration 
 
Much effort has been focused on increasing the number of free charge carriers 
(N) via efficient doping for enhancing the conductivity of the TCO material. Although 
different efficient doping methods have been developed, there are still some limitations. 
As the dopant atoms occupy random sites in the host lattice, the process of doping 
certainly impairs the mobility as the number of carriers increases. Hence, obtaining the 
lowest possible resistivity is a trade-off between carrier concentration and mobility. For 
a complete degeneracy, Johnson and Lark-Horovitz [8] indicated that μ = (4e/h) 
(π/3)1/3N−2/3 = 9.816 × 1014 N−2/3(cm2V−1s−1). This relation shows that the mobility (μ) 
and carrier concentration (N) are no longer independent but are correlated by μ  ∝ N−2/3. 
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This predicts an optimum conductivity of the order of 5000 S cm−1. Furthermore, at 
high dopant concentrations, the observed carrier concentration of ITO films is lower 
than that predicted by the dopant density, which assumes that every soluble tin atom 
contributes one free electron. This implies that a portion of the tin remains electrically 
inactive. To elucidate the annihilation effect of two Sn cations, Köstlin, Jost, and Lem 
[9] presented two arguments as follows. 
(1) The additional Sn anion changes its valence from 4+ to 2+, forming a neutral 
complex of Sn2+-Sn4+ with respect to the normal matrix. 
(2) The tin pair substituting two neighboring indium atoms strongly binds additional 
oxygen, forming a neutral complex that consists of the two Sn4+ and the 
additional oxygen, that is, Sn2O4. 
     
 Meng et al [10] presented a study of tin doping in ITO using X-ray 
photoelectron spectroscopy (XPS) measurements. Their results revealed that the 
increase in carrier concentration, which was caused by annealing, was not ascribed to 
the transition of SnO to SnO2. It is confirmed that divalent Sn anions do not co-exist at 
any tin concentration. The formation of the Sn2O4 neutral complex is the main reason 
that limits the tin doping efficiency in ITO.  
 
In addition to the tin dopant, the oxygen deficiency in ITO also plays an 
important role in determining the conductivity of ITO. Two oxygen models were 
proposed [4,11]: 
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(1) Anion interstitial model: completely filled cation sublattice with an excess of 
δ/2 oxygen (Oi) on a quasianion sublattice neutralizing the δ ionized tin donors, 
formally, In2-δSnδ(Oi)δ/2O3. 
(2) Cation vacancy model: creation of δ/3 cation vacancies (VIn) to preserve 
electrical neutrality, formally, In2-4δ/3(VIn)SnδO3. 
 
The anion interstitial model was further supported by Frank and Köstlin [6]. 
They proposed that the following neutral defects could be formed:  
(1) (Sn2Oi"): Two Sn4+ ions which are not on nearest-neighbor positions loosely 
bound to an interstitial oxygen anion. This interstitial defect dissociates on 
annealing under reducing conditions: Sn2Oi"⇄ 2Sn + 2e− + 1/2O2(g). 
(2) (Sn2O4)x: Two nearest-neighbor Sn4+ ions bound to three nearest neighbors on 
regular anion sites and an additional interstitial oxygen ion on nearest 
quasianion site. This neutral defect was previously discussed [9]. 
(3) (Sn2Oi")(Sn2O4)x: Hybrid of the two above mentioned defects. 
 
Other mechanisms that affect the doping efficiency were also postulated. 
According to Mizuhashi [12], a high impurity level might distort the crystal lattice 
leading to a non-effective generation of Sn4+ ions on the substitutional sites or the 
oxygen vacancies. Excessive disorder in the form of an intergranular amorphous phase 
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is also observed [13]. Na et al [14] studied the effect of excessive tin oxide on the 
properties of ITO films. They observed that continuous SnO2 could precipitate along the 
grain boundaries. Ryabova et al [15] showed that the homogeneity of ITO film made by 
the pyrolysis method was increased by annealing. This was attributed to the diffusion of 
tin atoms in the In2O3 matrix. As a consequence, the lattice disorder was decreased and 
hence the mobility in the annealed films increased substantially. Recently, Haynes and 
Shigesato [16] showed that In+ implantation into e-beam evaporated ITO films helped to 
increase the carrier concentration in the film. This was achieved due to a simultaneous 
generation of excess vacancies (displacement of atoms from lattice sites during 
collisions) and stabilization of the excess oxygen vacancies (introduction of cations). 
Implantation of H+ also showed an improvement in the conductivity of sputtered ITO 
films, which was attributed to the creation of oxygen vacancies [17]. In this work, it was 
found that the carrier concentration in ITO film could be controlled using a gas mixture 
containing hydrogen. The presence of reactive hydrogen species in the plasma could 
remove weakly bonded oxygen in the depositing film leading to an increase in the 
number of oxygen vacancies and hence the carrier concentration. Such an effort has 
been used in this work to engineer and optimize the ITO films with desired optical and 
electrical properties for device applications.  
 
Appropriate post-deposition annealing is one effective way to improve the film 
properties. Much work has been carried out on investigating the annealing effect on ITO 
film quality [18-26]. A high oxygen concentration in ITO films decreases electrical 
conductivity, while low oxygen content makes the films more metallic. Thus it is 
                                                                                                       16
                                                                              Chapter 2 Theory and literature review 
necessary to optimize oxygen concentration to obtain highly conductive and transparent 
ITO films. A maximum conductivity and visible transmission of the ITO film can be 
obtained by post annealing. The increase in the conductivity due to the vacuum 
annealing was attributed to the out diffusion of excess oxygen atoms from interstitial 
positions, as the decrease in sheet resistance was slower in thicker films [27]. 
 
2.2.2 Carrier mobility  
 
The mobility of ITO films has been investigated by considering the important 
scattering mechanism prevalent in polycrystalline semiconductors. There are many 
sources of electron scattering which may affect electrical and optical properties of ITO 
films. The contribution of the grain boundary scattering mechanism is not significant as 
the mean free path of the carrier is much smaller than the observed crystallite size.  
The temperature behavior of the mobility, especially at low temperatures, 
indicates the existence of other important sources of resistivity. It was shown that 
scattering of the conduction electrons by neutral and ionized impurity centers could 
drastically affect the conductivity in oxide semiconductors. Following Massey and 
Moiseiwitch’s work [28], Erginsoy [29] studied the effect of neutral impurities on the 
conductivity of oxide semiconductors with small degrees of ionization. The correlation 
between ionized impurities and the film resistivity was also calculated by Conwell and 
Weisskopf [30]. This approach was later used by Dingle [31] who attempted to derive a 
more refined description of the scattering effect.  
                                                                                                       17
                                                                              Chapter 2 Theory and literature review 
The contribution of ionized impurity scattering increased with an increase of the 
dopant level. Noguchi and Sakata [32] analyzed the mobility and carrier concentration 
data to investigate the scattering mechanisms occurring in ITO films. Their results 
suggested that the dominant scattering mechanism in the ITO films with (Sn)/(In) ratio 
below 0.1 was ionized impurity scattering. Tin ions act as ionized impurity scattering 
centers in addition to the oxygen vacancies and/or excess In atoms. It was suggested by 
Noguchi and Sakata [32] that neutral impurities and other centers related to poor 
crystallinity might limit the conductivity in the ITO films with a ratio of (Sn)/(In) above 
0.1. 
 
Bellingham et al reported that the conductivity of amorphous indium oxide and 
indium tin oxide films was mainly governed by the scattering of electrons due to the 
presence of ionized impurities [33-35]. Their results agree well with the ionized 
impurity scattering model proposed by Dingle and Moore [36], in which a higher order 
of the scattering terms was considered. They also investigated the effect of crystallinity 
on the scattering mechanism. The variation of film resistivity with carrier concentration 
is also in agreement with the trend predicted by the ionized impurity scattering 
calculations. It was confirmed that, even in the case of amorphous structure, there is no 
need for invoking scattering by structural disorder.  
 
Therefore, scattering at ionized centers seems to be an appropriate mechanism 
that elucidates the mobility behavior in the films. The measured lower mobilities, 
especially for films with high doping concentrations, are attributed to the interaction of 
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carriers with the scattering centers and/or the formation of neutral scattering defects that 
cause low carrier mobility due to the scattering. This is also in agreement with the 
results presented in Chapter 4.  
In this work, it was observed that the mobility in ITO films decreased when 
hydrogen partial pressure increased. This indicates that there is an increase in the 
ionized impurity scattering centers including oxygen vacancies and hydrogen species. 
 
2.3 Optical properties of ITO films 
 
ITO films exhibit high optical transparency in the visible and near-infrared 
wavelength range but are reflective to thermal infrared radiation. The short-wavelength 
cut-off in light transmission corresponds to the fundamental band gap and the long-
wavelength cut-off to the plasma absorption edge. Between the two absorption edges, 
the absorption coefficient of ITO films is very low. This unique property of ITO films 
has been used as a selective transmitting layer for many applications.  
The tin doping in indium oxide has an effect to increase its direct and indirect 
band gaps. It has been reported that the increase in carrier concentration causes a shift in 
the absorption edge of the film towards the high energy side [37]. Ohhata et al [38] 
further elaborated the correlation between the shift in band-gap and the change in 
carrier concentration. They showed that band-gap widening is proportional to N2/3, 
where N is the carrier concentration. A similar variation of band-gap with carrier 
concentration in amorphous ITO films has also been reported by Bellingham et al [33]. 
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 The widening of the band-gap in the film can be understood on the basis of the 
Burstein-Moss (BM) shift [39]. It can be observed when the electron density in the film 
exceeds the Mott critical density [40], which is given by 
N >> (0.25mc*e2/ε0 ћ2)3,                                                                                            (2.7) 
where e is the electron charge, ε0 is the permittivity of free space, ћ is Planck’s constant 
divided by 2π, and mc* is the conduction band effective mass.  
If the carrier concentration in the film greatly exceeds the Mott critical density, 
the conduction band will be partly filled, i.e. its lowest states are blocked, which leads 
to an increase in the optical band-gap. The band-gap based on the BM shift can be 
expressed as 
Eg = Eg0 + ΔEgBM,      (2.8) 
where ΔEgBM is the BM band-gap shift and can be expressed by  
ΔEgBM = (ћ2/2mvc*) (3π2N)2/3,                                                                                       (2.9) 
where mvc* is the reduced effective mass and is given by  
1/mvc* = 1/mv* + 1/mc*.                                                                                               (2.10) 
In addition to band-gap widening, there are effects of band-gap narrowing because of 
electron-electron and electron-impurity scattering. These effects are quite significant in 
ITO and should be taken into consideration. These effects have been studied and their 
contributions have been calculated by Roth et al [41], Stern and Tolley [42] and 
Hamberg and Granqvist [43]. 
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2.4 Surface electronic properties of ITO  
 
 The ITO bulk properties are generally described by a high optical transparency 
over the visible spectrum and a low electrical resistivity. In many applications, such as 
gas sensors, flat panel displays and solar cells, the ITO surface properties also play an 
important role in determining the device performance. However, the surface properties 
of ITO are poorly known. Only recently a number of photoemission studies were 
stimulated because of the relevance of ITO surfaces in OLEDs [44-46]. In these 
devices, ITO acts as a hole injection electrode which requires a large work function. 
However,  the different material requests are inherent in sensor applications of ITO, 
which are based on a variation in the surface conductivity due to work function changes 
induced by the adsorbate.  
 
The efficient operation of OLEDs is closely related to the ITO surface 
conditions and its chemical status. Different surface cleaning processes and the ITO 
surface modifications, including acid or base treatments [47], and a variety of plasma 
treatments [48-54] are used in order to optimize anode contact for OLEDs.  
 
It is well recognized that oxidative treatments such as oxygen plasma or UV-
ozone exposure could dramatically enhance the hole-injection and improve device 
reliability [48]. Neither the addition nor the removal of surface hydroxyl functionality 
on ITO surfaces accounts for the changes in the OLED performance. Mason et al. [53] 
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reported that oxidative treatments incorporated more oxygen onto the surface, and the 
work function correlates well with the oxygen addition. The increase in the work 
function is attributed to the presence of an interfacial dipole resulting from a surface 
rich in negatively charged oxygen.  
 
Milliron et al. [50] proposed that an increase in the ITO surface dipole layer by 
simple oxidation of SnIV – OH to SnIV – O• species may account for the changes 
measured for ITO treatment by oxygen plasma, as well as by a large number of other 
known processes. Furthermore, they have shown that factors such as In:Sn or [In, Sn]:O 
ratios at the surface, the presence of metallic Sn or In, or the degree of surface 
hydroxylation, which have been suggested to account for differences in the measured 
work function of ITO prepared under various conditions, can be excluded as the 
rationale for the large increase in work function measured upon mild ITO oxygen 
plasma treatment.  The ability of modifying only the near-surface region of the ITO 
allows us to maintain the bulk conductivity necessary for low-voltage operation and 
increase the work function of the ITO surface to enhance the hole-injection properties 
of the anode.  
 
In addition to the surface dipole model, a surface band bending model was 
proposed by Yu et al [54]. In this model, the surface Fermi energy of O2 or NH3 plasma 
treated ITO was shifted towards the middle of the band gap, while the Ef remained 
unchanged in the bulk. This would lead to an upward bend in all energy bands and in 
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the core levels near the ITO surface region. Thus the ITO work function increased, 
reducing the energy barrier at the interface of ITO and hole transporting layer (HTL). 
 
 Recently, Popovich et al [55] investigated the influence of an oxygen plasma 
using an electrochemical method. Oxygen plasma affected the electron-transfer 
properties of ITO films. It was proposed that the oxygen plasma treatment reduced the 
number of active electron-transfer sites at the electrode surface, possibly oxygen 
vacancies, resulting in slower electron-transfer kinetics.  
 
 
 Oxidizing the ITO anode surface is beneficial for efficient operation of OLEDs. 
SF6 plasma treament of indium tin oxide highly improved the power efficiency and the 
stability of OLED [51]. The treatment led to a slight reduction in the surface roughness 
and a decrease in the surface content of Sn. The major effect had to do with the surface 
incorporation of fluorine. This fluorinated surface improved the hole injection and thus 
the device performance. In this work, the effect of surface electronic properties of ITO, 
which were controlled by the bulk carrier concentrations and surface modification using 
NO plasma, on the luminance efficiency of OLED were explored.  
 
 It is generally known that the electrical conductivity of metal oxides is sensitive 
to the change in the composition of the ambient gases. Compared to metal films, where 
the conductance modulation due to adsorption is very small and is caused by the change 
in carrier mobility resulting from the surface scattering, the change in the conductivity 
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of semiconductor materials is usually bigger which is due to the change in conduction 
band electron or valence band hole concentration.  
 
 The contamination, surface treatment, molecular adsorption, chemical reaction, 
and desorption that occur at the semiconductor surface will give rise to the localized 
states, and also affect the electrical conductivity. For example, if a physisorbed oxygen 
molecule O2 takes an electron from the conduction band of a semiconductor, the energy 
level for this extra electron constitutes a surface state. This transfer of charge across the 
surface creates an electrostatic field because ions of the opposite sign remain near the 
surface, and the electrostatic field in turn bends the energy bands. A conductance 
modulation via a band bending model has been reported in order to explain the gas 
sensing properties in semiconducting oxide thin films such as SnO2 [56-58]. It is known 
that the existence of chemisorbed oxygen ions on the film surface generates a deep or 
superficial depletion layer leading to a decrease in its electrical conductivity. However, 
other processes can also be responsible for the change of the conductivity. Some 
experimental results indicated that the surface oxygen vacancies might also play a role 
[56]. In the case of SnO2 films, models based on the creation, diffusion and annihilation 
of oxygen vacancies have been proposed.  
  
 Cepehart and Chang [56] investigated the interaction of tin oxide films with NO. 
Two basic models were proposed for explaining the sensitivity of tin oxide to NO. First, 
molecular adsorption induced the surface band bending. Second, diffusion of atomic 
species from the surface region varied the bulk defect concentration and modified the 
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hopping conductivity. It was found in their experiment that, for reduced samples, the 
changes in resistance were caused by the oxidation or reduction of the sample with the 
concomitant decrease or increase in the bulk concentration of oxygen vacancies that 
mediated the conductivity. 
 
In order to explore the potential for a room temperature operated gas sensor, in 
this work, the adsorption of NO on the ITO surface at room temperature was 
investigated using in situ four-point probe and XPS measurements. The electronic 
structure of the ITO surface before and after NO adsorption was also investigated. The 
surface band bending due to molecular NO adsorption was observed and was used to 
explain the change in the ITO sheet resistance due to the NO adsorption.  
 
2.5 Growth of ITO films  
 
 
Sputtering is one of the most versatile techniques used for the deposition of 
device-quality transparent conducting oxide films. Compared to other deposition 
techniques, the sputtering process has the following advantages: (a) high uniformity of 
film thickness, (b) good adhesion to the substrate, (c) better reproducibility of films, and 
(d) large area deposition.  
 
The sputtering process involves the creation of a gas plasma, usually an inert gas 
such as argon is used, by applying a voltage between a cathode and an anode. The 
sputter target is connected to a negative voltage supply and the substrate holder forms 
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the anode and faces the target. The sputter target is subjected to intense bombardment 
by accelerated ions. By momentum transfer, particles are ejected from the surface of the 
sputter target to form a thin film on the substrate. Sputtering is normally performed at a 
processing pressure of ~1 to 10-1 Pa.  
 
DC and RF magnetron sputtering are often used. DC magnetron sputtering is 
restricted to conducting sputter targets, in which a direct voltage is applied between the 
cathode and the anode. RF magnetron sputtering is suitable for both conducting and 
insulating targets, in which a high frequency generator (13.56 MHz) is connected 
between the electrodes. Magnetron sputtering is particularly useful where high 
deposition rates and low substrate temperatures are required.  
 
Both reactive and non-reactive forms of DC and RF magnetron sputtering have 
been employed for film deposition. When the chemical reaction occurred during the 
transit from the sputter target to the substrate, the film is deposited on the substrate in a 
modified form, this process is referred to as reactive sputtering. Sputtering from oxide 
targets to form conducting transparent oxide films is significantly different from 
reactive sputtering of metal targets. The control of film stoichiometry has been found to 
be much easier with oxide targets, which avoids the need for high temperature and post-
deposition annealing.  
 
When mixed oxidized targets are used in DC magnetron sputtering, the control 
of stoichiometry is virtually automatic, whereas preferential sputtering of deposited film 
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material in RF magnetron sputtering usually requires that the target composition be 
suitably adjusted to compensate for the material loss at the substrate. 
  
 
For reactive sputtering of metallic targets, the deposition rate and structural 
properties of transparent conducting films are strongly dependent on the oxygen partial 
pressure and sputtering power. At low partial pressures, metal is sputtered from the 
target and the oxidization reaction takes place only on the substrate. At higher partial 
pressures, oxidation of the target surface occurs and the sputtering rate drops rapidly as 
the oxidized targets can be sputtered generally much more slowly than pure metallic 
sputter targets.  
 
In general, films deposited at room temperature are amorphous, and an increase 
in substrate temperature or post-deposition annealing treatment improves the 
crystallinity and the grain size of the films. The quality of the films is dependent on 
various deposition conditions such as growth rate, substrate temperature, processing gas 
mixture, total pressure, sputtering power, deposition time etc. 
 
Metallic In-Sn alloy and oxide In2O3-SnO2 sputter targets have been used for 
ITO deposition. Usually the tin concentration in the alloy sputter target or SnO2 in an 
oxidized sputter target is about 5 – 15%. When the films are deposited using a metallic 
alloy target, the growth rate is dependent on the oxygen partial pressure, substrate 
temperature, sputtering power and sputtering pressure [59,60].  
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The insensitivity of deposition rate to the total sputtering pressure is an inherent 
property of the process, in which plasma intensity is determined by the electromagnetic 
fields in the system.  
 
Instead of using a sputter alloy target, Fujinaka and Berezin [61] deposited tin-
doped In2O3 films by RF magnetron sputtering using a 0.8 mm thick disc-shaped target, 
which consists of two unequal segments made up of indium and tin. In their experiment, 
the concentration of Sn and In was varied by changing the substrate position laterally 
with respect to the target. The as-deposited film was poorly crystalline and it was 
improved by post-deposition annealing.  
 
On the other hand, a modified DC reactive sputtering technique was used 
successfully by Jachimowski et al [62]. In this process, an In0.88Sn0.12 alloy target was 
first oxidized in an oxygen atmosphere and then ITO films were deposited by sputtering 
the oxidized target in an argon-oxygen gas mixture. During the film deposition, the 
decrease in discharge current depends mainly on the oxygen partial pressure in the O2-
Ar atmosphere. Therefore, the precise control of the oxygen partial pressure is very 
important in determining the electrical and optical properties of ITO films prepared by 
this technique.  
 
Transparent conducting ITO films have also been prepared by a sputtering 
process using an oxide In2O3-SnO2 target [63-68]. According to these papers, the use of 
oxidized sputter targets has an advantage over the metallic targets, which provide a 
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better control of the stoichiometry of the films. Usually post-deposition annealing is not 
essential when ITO films are grown from oxidized sputter targets. Oxygen with a low 
partial pressure is introduced to the sputtering gas mixture for improving the structural, 
electrical and optical properties of the films. 
 
The control of oxygen partial pressure during the film deposition is critical in 
determining the conductivity and transparency of the ITO. The low sheet resistance 
combined with the high transparency for ITO occurs only at a small range of oxygen 
partial pressure.  
 
The effect of oxygen partial pressure on the film is more significant when the 
ITO film is prepared at a substrate temperature of <100 oC [69]. The use of ITO films 
for many applications requires substrates like polyester, plastic, etc., the thermal 
properties of which preclude the use of elevated temperatures [70,71]. Consequently, a 
deposition technique that results in an appropriate process window for good 
reproducibility and high quality ITO films fabricated at low temperatures is of 
considerable interest.  
 
The addition of H2 or H2O to the sputtering gas mixture was shown to broaden 
the process window [63,64,69,72] and thus facilitate the production of low resistivity 
transparent conductivity oxide films. Naseem and Coutts [72] reported that ITO films 
with a resistivity less than 2 × 10-3 Ω cm were deposited using argon containing 10% 
H2. Ishibashi et al [63] deposited ITO films by introducing H2O or H2 in an in-line 
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production magnetron sputtering system. The results showed that as-deposited ITO with 
a film resistivity as low as 6 × 10-4 Ω cm could be deposited at room temperature. 
Harding and Window [69] demonstrated that reproducible quality ITO films could be 
deposited over a wide range of oxygen partial pressures if hydrogen was added to the 
sputtering gas mixture. In this work, ITO films were fabricated by RF magnetron 
sputtering at different hydrogen partial pressures in a hydrogen-argon gas mixture.  
 
In order to study the effect of hydrogen partial pressure on the optical and 
electrical properties of the ITO films, we have varied the hydrogen partial pressure over 
the range 0 – 4 × 10-3 Pa and kept the substrate temperature constant at room 
temperature during film growth. Our results demonstrated that the hydrogen-argon gas 
mixture allows a broader process window for the preparation of a ITO film with a high 
conductivity and optical transmittance, e.g., ITO film with a thickness of 130 nm and 
sheet resistance of 25 ± 5 Ω/sq can be fabricated with a hydrogen partial pressure from 
1 – 3 × 10-3 Pa.  
 
The advances in transparent conducting oxides development are still in a 
growing stage. The potential for low temperature ITO and innovative technologies are 
predicted to lead to novel applications. These include ITO-QCM sensors and OLEDs on 
flexible substrates. The demand for flexible OLED displays has driven an increase in 
the effort of research into high quality ITO films on heat sensitive substrates such as 
polycarbonate, polyester and other flexible plastic substrates.  
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Much effort has been focused on the deposition of ITO films at a low 
temperature using different techniques including pulsed-laser deposition, ion-beam 
assisted deposition and magnetron sputtering  [70,71,73,74]. Liu et al [73] used low-
energy oxygen-ion-beam assisted electron-beam evaporation and fabricated very 
smooth, high-quality ITO film at room temperature. Carcial et al [70] identified 
conditions for growing ITO thin films at room temperature that simultaneously exhibit 
resistivity as low as 3 × 10-4 Ω cm and optical transparency as high as above 80%. 
Cesium assisted RF plasma sputtering was performed with additional substrate bias by 
Lee et al [71] and low resistive and high transparent ITO films at room temperature 
were synthesized.  
 
Up to date, the efforts on flexible displays have been focused on fabricating 
OLED on plastic films and ultra-thin flexible glass substrates. Plastic substrates with an 
effective barrier against oxygen and moisture have to be obtained before this simple 
vision of flexible display can become reality.  
 
In this work, high quality ITO films were deposited on rigid glass, quartz and 
polymer reinforced ultra-thin flexible glass sheet (Schott D263 borosilicate glass) using 
RF magnetron sputtering at a low processing temperature. The research has focused on 
developing low temperature ITO and addressing the problem of improving its optical 
and electrical properties for device applications. The detailed description of the RF 
magnetron sputtering technique and optimal deposition parameters are presented in 
Chapter 3 and Chapter 4, respectively.  
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CHAPTER 3 EXPERIMENTAL 
 
 
3.1 Thin film and device fabrication system   
 
Device process chambers Glove boxes Sputter 
Pre-treatment 
chamber 
Fig. 3.1 Multi-chamber vacuum system equipped with a magnetron sputter, a 
plasma pre-treatment chamber, two device process chambers and two glove 
boxes for device characterization & testing. 
 
In this work, film deposition, surface modification, device fabrication and in situ 
four-point probe measurement of as-deposited and treated ITO films are carried out in 
the thin film and device fabrication system as shown in Fig. 3.1. This system is 
equipped with a magnetron sputter, a plasma treatment chamber, and organic processing 
and electrode deposition chambers as indicated by arrows. The system is also connected 
to two glove boxes purged with high purity nitrogen gas to keep oxygen and moisture 
levels below 1 ppm. Argon, oxygen and hydrogen are connected to the RF magnetron 
sputter and pre-treatment chamber for film deposition and surface cleaning and 
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modification. The high purity argon was used as the main carrying gas during the film 
deposition. In this work, hydrogen was introduced during the film deposition. The 
hydrogen partial pressure was varied from 0 – 4 × 10-3 Pa to modulate and optimize the 
properties of ITO films.   
 
3.2 Film characterization techniques 
 
A variety of characterization techniques including four-point probe, Hall effect, 
UV-visible spectrophotometer, atomic force microscopy (AFM), XPS and ultraviolet 
photoelectron spectroscopy (UPS) were used to study the electrical, optical, 
morphological and surface electrical properties of ITO films. The thickness of the films 
was determined using a Tencor Profilometer. 
 
3.2.1 Four-point probe  
 
 
The most common method for measuring sheet resistance, Rs, is the four-point 
probe technique. The typical schematic setup is shown in Fig. 3.2. The method usually 
uses a linear array of four equally spaced tips that are pressed on the surface of a wafer. 
A small current, I, from a constant-current source is passed through the outer two probe 
tips and the voltage drop, V, is measured between the inner two probe tips [1]. For a thin 
wafer with a thickness t much smaller than its lateral dimensions, the resistivity, ρ  is 
given by  
ρ = 
I
V t (CF),                                                                                                                (3.1)   
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where (CF) is a geometrical correction factor. In the limit when the probe-tips spacing, 
s, is much less than the lateral dimension of the sample, that is, the material is in the 
form of an semi-infinitely thin film, the sheet resistance Rs can be can be given by [1] 
Rs = t

















Fig. 3.2 Schematic diagram of four-point probe technique.  
 
3.2.2 Hall effect 
 
The Hall effect is based upon the deflection of moving charge carriers in crossed 
electric and magnetic fields. Consider a sample in the form of a rectangular bar as 
shown in Fig. 3.3 (a) below. An electric field, E, is applied in the x-direction while a 
magnetic field, B, is applied along the z-direction. According to Lorentz’s law, the force 
acting on the charged particle will then be given by:  
F = q (v × B),                                                                                                                (3.3) 
where v is the velocity of the particle and q is its charge. Electrons and holes will be 
deflected in opposite directions, resulting in a separation of charge across the two 
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opposite sample surfaces perpendicular to the y-axis [2]. A potential drop, VH, called the 










 3.3 (c) has the advantage of keeping the 
current flow away from the voltage contacts. 
Fig. 3.3 Sample 
shaped specimen (
clov aped sam








One limitation of the Hall effect measurement described above is that the sample 
must be in the form of a rectangular bar as in Fig. 3.3 (a). Van der Pauw developed the 
extension of the Hall technique to the measurement of thin film samples. Two common 
geometries for the Van der Pauw method of Hall effect measurement for a thin sample 
are shown in Fig. 3.3 (b). This method is particularly convenient for a disk of irregular 
shape. Current is fed through contacts 3 and 4 while the voltage is measured across the 




geometries for performing Hall effect measurements. Bar-
a), thin film sample used in the Van der Pauw method (b) and 
ple (c). (Adapted from [2] P. Y. Yu and M. Cardona, 
emiconductors: Physics and Materials Properties (Berlin; New 
996)) 
 40
                                                                                                      Chapter 3 Experimental  
The Hall effect can be used to determine whether the sample is p-type or n-type 
according to the polarity of Hall voltage. The resistivity (ρ), carrier concentration (N) 
and Hall mobility of charge carriers (μ) can be measured by Hall effect measurements.  
 
In this study, the electrical properties of ITO thin films were determined using 
the Van der Pauw method on a Bio-rad HL5500 Hall Effect System. Square samples 
were used without any additional sample preparation. 
 
3.2.3 UV-visible spectrophotometer 
 
  Spectrophotometer involves the measurement of light absorbed by a sample as a 
function of wavelength. UV-visible spectrophotometer, as the name implies, thus 
involves measuring the absorption of light with wavelengths in the region of about 200 
– 1000 nm. This includes the near ultraviolet (UV) region (200 – 350 nm), the visible 
range (350 nm blue – 700 nm red) as well as the near infrared (IR) region with 
wavelengths between 700 and 1000 nm. 
 
  To study the absorption characteristics of ITO thin films, deposited by RF 
magnetron sputtering, the as-deposited films were used for transmittance and absorption 
measurements using a Shimadzu UV-1601 UV-visible spectrophotometer. The fast 
scanning mode (with a sampling interval of 1.0) and a slit width of 2.0 nm was used for 
the measurements. The wavelength range was from 300 nm to 1000 nm. During the 
measurements, the spectrum was adjusted for baseline absorption in a single 
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measurement, where the sample was placed in the path of the measuring beam, and a 
blank reference substrate in the path of the reference beam. The resulting signal directly 
records the difference between the sample and the baseline thus obtaining the spectrum 
of the sample itself.  
 
3.2.4 Photoelectron Spectroscopy   
 
Photoelectron spectroscopy utilizes photo-ionization and energy-dispersive 
analysis of the emitted photoelectrons to study the composition and electronic state of 
the surface region of a sample. Traditionally, the technique is subdivided into XPS and 
UPS according to the source of exciting radiation, e.g. using soft X-ray (200 – 2000 eV) 
radiation to examine core levels and vacuum UV (10 – 45 eV) radiation to examine 
valence levels, respectively. In XPS the photon is absorbed by an atom in a molecule or 
solid, leading to ionization and emission of a core (inner shell) electron. By contrast, in 
UPS the electron interacts with valence levels of the molecule or solid, leading to 
ionization by the removal of one of these valence electrons. The kinetic energy 
distribution of the emitted photoelectrons, i.e. the number of emitted photoelectrons as a 
function of their kinetic energy, can be measured using any appropriate electron energy 
analyzer and a photoelectron spectrum can thus be recorded.  
 
When an atom absorbs a photon of energy hν, an electron with binding energy 
(Eb) may be ejected with kinetic energy (Ek): 
Ek = hν  − Eb − ϕ ,                                                                                                        (3.4) 
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where ϕ is the work function of the solid.  
 
The mostly commonly employed X-ray sources are Mg Kα (1253.6 eV) and Al 
Kα (1486.6 eV). For each element, there is a characteristic binding energy associated 
with each core atomic orbital, i.e. each element can give rise to a unique set of peaks in 
the photoelectron spectrum at kinetic energies determined by the photon energy and the 
respective binding energies. The presence of peaks at particular energies therefore 
indicates the presence of a specific element in the sample. The intensity of the peak is 
related to the concentration of the element. Thus, XPS provides a quantitative analysis 
of the surface composition and is also known as electron spectroscopy for chemical 
analysis (ESCA).  
 
The exact binding energy of an electron depends not only on the level from 
which photoemission is occurring, but also upon (1) the oxidation state of the atom, and 
(2) the local chemical and physical environment. Small shifts in the peak positions in 
the spectrum induced by the changes in either (1) or (2) are called chemical shifts. 
These chemical shifts can be used to identify the chemical state of the materials being 
analyzed [3]. Atoms of higher positive oxidation state exhibit a higher binding energy 
due to the extra columbic interaction between the photo-emitted electron and the ion 
core.  Therefore, the precise energy position of a particular line in an XPS spectrum is a 
function of the emitting element, its environment and its chemical state [4]. 
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 In this study, the change in ITO surface electronic properties due to NO 
adsorption was examined by in situ XPS. All XPS experiments were performed in a VG 
ESCALAB 220i-XL electron spectrometer consisting of an analysis chamber and a 
sample preparation chamber. Base pressures in the preparation chamber and analysis 
chamber were 5 × 10-8 Pa and 1 × 10-8 Pa, respectively. All spectra were recorded in the 
constant pass energy mode of the analyser using a monochromatic Al Kα X-ray source 
(1486.6 eV) at a photoelectron take-off angle of 90O. Survey spectra were recorded with 
a pass energy of 150 eV and a step width of 1 eV. In 3d5/2, Sn 3d5/2, O 1s and valance 
band maximum (VBM) high-resolution spectra were recorded with pass energy of 20 
eV and step width of 0.1 eV. Data acquisition was done using VGX900 PC based 
software system.  
 
In UPS the source of radiation is normally a noble gas discharge lamp. It usually 
uses the He I line (hv = 21.22 eV) or He II line (hv = 40.8 eV) as a photon source [5], or 
synchrotron radiation in the vacuum ultraviolet region. The low photon energy in UPS 
means that deep core electron levels cannot be excited, and only photoelectrons emitted 
from the valence band or shallow core levels are accessible. Therefore, UPS is one of 
the most useful tools to study the valence band structure of condensed matter. 
Comparing with XPS, the resolution of UPS is rather high (~meV), so this is adequate 
for studying band structures though it is more surface sensitive than XPS.   
 
In this work, the work function of ITO films prepared at different hydrogen 
partial pressures was determined using UPS in a VG ESCALAB 220i-XL electron 
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spectrometer. The Fermi edge stays fixed on the energy scale (constant sample bias 
provided), whereas the position of the Ek = 0 low-energy cut-off of the spectra depends 
on the condition of the sample surface. Since a shift of this cut-off directly reflects a 
corresponding change in work function, the measurement provides a powerful method 
to measure work function changes Δφ. In order to simulate the conditions encountered 
in the actual device preparation, an in situ UV-ozone treatment on the ITO surface to 
remove contaminations was performed before the UPS measurement, which is 
comparable to the oxygen plasma cleaning prior to device fabrication. N,N'-
di(naphthalene-1-yl)-N,N’-diphenylbenzidine (NPB) was deposited onto the ITO 
surface in the pretreatment chamber of the spectrometer. The interfacial electronic 
properties of ITO/NPB measured by UPS were compared with the current density-
voltage (J-V) and luminance-voltage (L-V) characteristics of OLEDs with the same 
anode structures. 
 
3.3 Device fabrication  
 
3.3.1 Fabrication of OLEDs 
  
 The low temperature ITO developed in this work is also used as transparent 
anode in organic/polymeric light emitting devices. In the following discussions, both 
organic and polymeric light emitting devices will hereinafter be referred to as OLEDs.   
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A typical OLED is constructed by placing an organic thin film stack consisting 
of one layer of hole transport layer (HTL) and electroluminescent layer (EL) between a 
cathode and an anode. The cross sectional view of an OLED structure is shown in Fig. 
3.4. When a voltage of proper polarity is applied between the cathode and anode, holes 
injected from the anode and electrons injected from the cathode combine to release 













Fig. 3.4 A cross sectional view of an OLED, where HTL is hole transporting layer, 
the emitting layer can be small molecular or polymeric electroluminescent 
materials. 
 
In this study, organic materials such as NPB, tris(8-hydroxyquinoline)aluminum 
(Alq3) were used as HTL and EL materials, respectively. Poly (styrene sulfonate)-
doped poly (3,4-ethylene dioxythiophene) (PEDOT), and  phenyl-substituted poly(p-
phenylenevinylene) (Ph-PPV) were used in fabricating flexible OLEDs. The device 










                                                                                         
           
                                       (a)                                                          (b)                                                              
Fig. 3.5 Ultra-thin flexible glass with reinforced polymer layer (a) and top view of a 
patterned ITO for fabrication of OLEDs (b). 
      
   
  ITO film was prepared by RF magnetron sputtering at room temperature and 
patterned using both shadow mask and photolithography technique. Figs. 3.5 (a) and (b) 
are the pictures of patterned ITO films used for the fabrication of OLEDs.  
 
  Prior to the deposition of organic layers and cathodes, the ITO anode was treated 
using argon, oxygen or NO plasma treatments.  
 
  All devices made on both flexible and rigid substrates had an identical layered 
structure of ITO/HTL/EL/cathode.  The flow chart of device fabrication processes is 
illustrated in Fig. 3.6.  
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 Fig. 3.6 Schematic diagram of an OLED fabrication procedure. 
 
  In OLED, NPB and Alq3 were deposited on the ITO surface using the thermal 
evaporation method in the organic processing chamber as shown in Fig. 3.1. When 
polymeric PEDOT and Ph-PPV were used for device, they were spin-coated on the ITO 
surface, subsequently.  The cathode consisting Ca and Ag were deposited on the 
emissive layer by thermal evaporation in the electrode chamber as shown in Fig. 3.1. 
The vacuum deposition was always started at a base pressure less than 10-5 Pa. The 
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3.3.2 Fabrication of ITO-QCM  
 
The quartz substrates used for ITO-QCM sensors were AT-cut rectangular 
quartz blanks with dimensions of 10 mm × 10 mm × 0.1 mm. The measured resonant 
frequency of AT-cut quartz blanks is ~17 MHz. An ITO-QCM sensor was fabricated 
using the lift-off photolithography process. The photo resist moulds were generated by 
lithography before ITO deposition.  
 
Figs. 3.7 (a)-(f) show the schematic diagram of QCM sensor fabrication 
processes in this study. After the normal cleaning, the quartz specimens were first 
coated a ~1.5 μm-thick photo resist (AZ5214) as shown in Fig. 3.7 (b). The photo resist 
layer was patterned to form a desired photo resist mould using photolithography 
technique (Carl Suss MA8) , as shown in Figs. 3.7 (c). The ITO thin film was then 
deposited over the photo resist mould on the quartz substrate using RF magnetron 
sputtering (Fig. 3.7 (d)). The photo resist mould was then removed to form an ITO 
electrode on quartz substrate as shown in Fig. 3.7 (e). A similar ITO electrode was also 
formed on the other side of the quartz substrate using the same process. A cross-
sectional view of a completed ITO-QCM gas sensor is illustrated in Fig. 3.7 (f).  
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Fig. 3.7 Schematic flowchart of the ITO-QCM fabrication process. 
 
shown in Fig. 3.8. In this study, all measurements were performed at room temperature 
in an atmospheric environment. The apparatus consisted of a sealed stainless steel 
chamber connected by valves A and B to the carrier (or flushing) gas source and a 
rotary pump respectively. A syringe was used to inject the test gas into the chamber 
(syringe with minimum calibration of 0.1ml). The testing specimen holder was mounted 
inside the main chamber. A laboratory crystal oscillator was connected to the specimen 
holder and operated the crystals under different gas conditions. The output frequency 
was continually monitored and transferred to a computer. The Labview TM program was 
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used for all measurements, data storage and processing. Alternatively, the output signal 
was also connected with Saunders & Associate network analyzer to determine the 
electrical parameters as well as the resonance frequency. The frequency resolution of 
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ITO films are widely used as transparent electrodes in opto-electronic devices 
such as displays and solar cells because of their unique characteristics of high electrical 
conductivity and optical transparency over the visible wavelength region. Generally, the 
ITO films are deposited on the rigid glass substrates over a processing temperature 
range of 150 – 250 oC [1-7] in order to achieve the optimal film properties for device 
applications. There is a growing demand for ITO for display applications. OLEDs have 
recently attracted attention as display devices that can replace LCDs because OLEDs 
can produce high visibility by self-luminescence.  
 
The present OLED technologies are focused on rigid substrates, such as glass, 
but flexible devices are getting more attention nowadays due to their lightweight, low 
cost, and flexibility. The use of thin flexible substrates will significantly reduce the 
weight of flat panel displays and provide the ability to bend a display into any desired 
shape.  
 
The success of the flexible OLED will open the possibility of fabricating 
displays by continuous roll processing, thus providing the basis for very-low-cost mass 
production. However, plastic substrates, such as polyester (PE) and polyethylene 
terephthalate (PET) set the limit of the ITO processing temperature below 150 oC [1]. 
ITO films formed at a processing temperature below 200 oC usually have relatively 
higher resistivity and lower optical transparency than the films prepared at a higher 
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substrate temperature. In the application of organic electronics, it is often required to 
coat an active layer on functional organic substrates that are not compatible with a high 
processing temperature. Therefore the development of high quality ITO films with 
smooth surfaces, low resistivity and high transmission over the visible spectrum at low 
processing temperatures is of practical importance. There remains a need for high 
quality ITO that can be fabricated at a low processing temperature and in a cost-
effective way.  
 
In this work, a process of producing high quality ITO films at a low processing 
temperature was developed using RF magnetron sputtering. A hydrogen-argon gas 
mixture was used for ITO deposition. The hydrogen partial pressure was varied to 
modulate and optimize the properties of the ITO films. The film properties, including 
electrical, optical and surface electronic properties were investigated. The mechanism of 
optimal anode contact for enhanced OLED performance by varying the bulk carrier 
concentration in the ITO films and ITO surface modification using the plasma treatment 
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4.1 Preparation of ITO films  
 
In this work, low temperature ITO films were deposited on various substrates, 
including rigid glass, ultra-thin glass sheet (Schott D263 borosilicate glass) and quartz 
for film characterizations and device fabrication. All substrates were cleaned in acetone 
and methanol solutions in an ultrasonic bath for 30 minutes and rinsed in deionised water 
and dried in a high purity N2 gas stream prior to loading into the system for film 
deposition. After wet cleaning, they were subjected to an in situ argon or oxygen plasma 
cleaning. 
 
An oxidized target with In2O3 and SnO2 in a weight ratio of 9:1 was employed 
for the film deposition. The substrate was not heated during and after the film 
deposition. The actual substrate temperature, which might be raised due to the plasma 
process during the film deposition, was less than 60 °C. Sputtering power was kept 
constant at 100 W. The base pressure in the sputtering system was approximately 2.0 × 
10-4 Pa. During the film deposition, the argon-hydrogen gas mixture was employed. The 
argon partial pressure was set as 2.85 × 10-1 Pa and the hydrogen partial pressure was 
varied to from 1.1 × 10-3 Pa to 4.0 × 10-3 Pa to modulate and optimize the properties of 
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4.2 Electrical and optical properties   
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The electrical properties of ITO films were optimized by varying the hydrogen 
partial pressure in the gas mixture. The substrate was not heated during the film 
deposition. The substrate temperature induced by the plasma was lower than 60 °C. The 
sheet resistance and resistivity of ITO films as a function of hydrogen partial pressure 
are plotted in Fig. 4.1. Both the sheet resistance and resistivity decreased dramatically 
after introducing hydrogen into the sputtering gas mixture.  The use of a hydrogen-
argon gas mixture allowed a broader process window for preparation of the ITO film 
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with a high conductivity, e.g. ITO film with a thickness of 130 nm and sheet resistance 
of 25 ± 5 Ω/sq can be fabricated over the hydrogen partial pressure from about 1 – 3 × 
10-3 Pa. The relative minimum sheet resistance, ~25 Ω/sq was obtained at a hydrogen 
partial pressure of 2.6 × 10-3 Pa. The standard deviations of the sheet resistance and the 
resistivity are ~ 1 Ω/sq and ~ 0.2 × 10-4Ω-cm, respectively. 








































Fig. 4.2 Carrier concentration and Hall mobility of ITO films as a function of 




Fig. 4.2 shows the variations of Hall mobility and carrier concentrations in the 
ITO films measured using the Van der Pauw technique. Obviously, the effect of 
hydrogen on the charged electron carriers and mobility was totally converse. The carrier 
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concentration increased when the hydrogen partial pressure increased. The ITO films 
prepared with the hydrogen-argon mixture had a higher carrier concentration than the 
films prepared with only argon. In contrast to the variations of carrier concentration, the 
mobility decreased with increasing hydrogen partial pressure.  
 
The relative oxygen content in a film prepared with pure argon was higher than 
that of film prepared with the hydrogen-argon mixture. This suggested that the addition 
of hydrogen to the gas mixture changed the stoichoimetry of the ITO films. The reactive 
hydrogen species produced during the sputtering shows a reducing effect on oxides and 
leads to an increase in the number of oxygen vacancies in the films and hence an 
increase in the number of charged carriers [8].   
 
Scattering at ionized centers is the most important conduction mechanism [9]. 
The relatively lower mobility measured for films with a high doping concentration, 
might be attributed to the interaction of scattering centers and/or the occurrence of 
neutral scattering defects in the ITO film. In this process, the presence of hydrogen 
species in the sputtering gas mixture caused an increase of ionized impurity scattering 
centers, which are induced by oxygen vacancies and other structural defects. Therefore, 
a decrease in the carrier mobility, as shown in Fig. 4.2, was observed due to an 
increased carrier scattering process in the film.  
 
The optical properties of ITO films prepared on glass substrates at different 
hydrogen partial pressures were also measured. The optical transmittance of the film 
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was measured by a double beam spectrophotometer over the wavelength range 200 nm 
– 1000 nm. A blank glass substrate was used to subtract the baseline absorption from 
the glass substrate.  Measured film transmittance over the visible wavelength range was 
also used to estimate the optical energy band gap of the films. Fig. 4.3 shows the 
transmittance of a set of 210 nm thick ITO films as a function of hydrogen partial 
pressure. ITO films with average transmittance of 86%, 89%, 90% and 89% over the 
visible wavelength of 400 – 800 nm were obtained at the hydrogen partial pressures of 
0, 1.1 × 10-3, 2 × 10-3 and 2.6 × 10-3 Pa, respectively. The hydrogen partial pressure that 
produced the most transparent ITO film was almost the same as that which gave the 
most conductive film as shown in Fig. 4.1.   
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Fig. 4.3 Transmittance of ITO films as a function of hydrogen partial pressure. 
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It is obvious in Fig. 4.3 that the cut-off edge is shifted to the shorter wavelength 
side in the transmittance spectrum near ultraviolet and visible wavelength regions. The 
values of optical band gap were estimated using the experimentally measured 
absorbance. The absorption coefficient α is related to the photon energy hν by the 
following relation [10,11] 
( mgEhAh −= ννα ) ,                                                                                                    (4.1) 
where A is a constant, Eg the optical band gap energy (or simply called the band gap), m 
= 1/2 for a direct allowed transition and m = 2 for an indirect allowed transition.  
 
Hence a linear plot of (αhν)2 as a function of photon energy hν indicates a direct 
transition, while a linear plot of (αhν)1/2 vs. hν denotes an indirect transition. The 
optical band gap for both direct and indirect transitions may then be obtained by 
extrapolating the plot to the photon energy (hν) axis [12]. Direct band gaps of 3.87 eV, 
3.92 eV, 4.01 eV and 4.01 eV were obtained for ITO films prepared at hydrogen partial 
pressures of 0, 1.1 × 10-3 Pa, 2.0 × 10-3 Pa and 2.6 × 10-3 Pa.  The variations in the band 
gap were attributed to the changes in carrier concentration in ITO films that were 
prepared at different hydrogen partial pressures.  
 
When the electron concentration in ITO films increases, the Fermi level will 
move into the conduction band. The MB shift is also directly related to this effect and 
can be given by the equation (2.9), which yields a band-gap change proportional to N2/3. 
But at the same time the shift in the optical band gap is also related to another effect. 
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Electron-electron and electron-impurity scattering tend to decrease the gap. In a 
complete theory, the band-gap shift can be attributed to both effects. 
 
4.3 Surface electronic properties  
 
 
20 15 10 5 0






































Fig. 4.4 UPS valence band spectra measured for ITO films prepared at different 
hydrogen partial pressures of 0 Pa (a), 1.1 × 10-3 Pa (b), 2 × 10-3 Pa (c), 2.6 × 10-3 
Pa (d) and 3.2 × 10-3 Pa (e), respectively. 
 
 
Fig. 4.4 shows the valence band spectra of ITO films prepared at different 
hydrogen partial pressures.  The spectra were excited with He I excitation (hν = 21.2 
eV). Secondary electron cutoff and VBM positions were determined by linear 
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extrapolation of the leading edge of high and low binding energy electrons, 
respectively. The work function of ITO films can be deduced by the difference between 
the photon energy (hν = 21.2 eV) and the secondary electron cutoff. It can be 
determined from Fig. 4.4 that the energy distance between the Fermi edge (EF) and 
VBM measured for ITO films varied from 2.89 eV to 3.06 eV with hydrogen partial 
pressures. These values were considerably less than the corresponding optical band gap 
of ITO films measured for ITO films. It is generally understood that the Fermi level for 
ITO lies above the CBM at high doping levels [13]. The observed BM shift in the 
optical absorption edge is due to the nature of its high carrier concentration [13,14].    
 
The bulk ITO with high electron density exhibits the degenerate properties. The 
energy band gap measured by photoemission spectroscopy is in contradiction with the 
observed BM shift of optical gap that requires a Fermi level position EF − EVBM ≥ 3.87 
eV. The electrical and optical properties are integral measurements of the whole 
material, while the information depth of photoemission is only about 1 nm. Hence, 
optical and electrical techniques mostly probe the Fermi level inside the bulk, while 
photoemission experiments give access to the Fermi level at the surface. A consistent 
explanation of both volume and surface properties of ITO requires the assumption of 
surface band bending resulting from a depletion layer. 
 
It is assumed that the surface band bending occurs at the ITO surface region, 
with energy up to 1 eV depending on the carrier concentration in the film, as shown in 
Fig. 4.5. These results are consistent with other research work [15]. It has been reported 
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that the surface band bending can occur for highly doped TCO films. In photoemission 
measurements, the particular Fermi level position at the ITO surface can be up to 1 eV 
below the conduction band minimum [15,16]. This can be understood by the core-shell 
structure of ITO with inhomogeneous doping [15,16]. Due to the inhomogeneous 
doping, ITO has a carrier-depleted surface with the lower free electron density than the 
bulk of ITO. The depletion layer may be characterized by two parameters: the depletion 
layer thickness, dsc, and the surface potential Vs. A simple calculation of such a 
depletion layer is given by following equation: 
Vs = eN0 dsc2/2ε,                                                                                                            (4.2) 
where N0 is the bulk concentration of ionized donors and ε is the permittivity of the 
semiconductor. Using this equation, the thickness of the depletion layer can be 
estimated and it ranges from around 2.2 nm to 1.4 nm when the hydrogen partial 
pressure increased from 0 – 2.6 × 10-3 Pa.  
 
The surface depletion layer of ITO films plays an important role in the 
application of devices involving ITO films such as gas sensors and OLEDs. The 
resistance type gas sensors are based on the variation in the conductivity by the 
modification of surface potential. In OLED applications, the band bending occurring at 
the ITO/organic interface affects the barrier height for the carrier injection. The 
ITO/organic interface is crucial in determining the device performance.  
 63









Fig. 4.5 Schematic energy band diagram showing surface band bending at the ITO 
surface. 
 
It was also observed from Fig. 4.4 that the VBM edge had the tendency to shift 
to the lower binding energy side when the hydrogen partial pressure decreased. The 
VBM edge was measured with respect to the Fermi energy level, hence, the shift in 
VBM edge towards the lower binding energy side corresponds to the decrease in the 
distance between Fermi level and VBM edge. This indicates that the magnitude of 
surface band bending varied with the carrier concentration in ITO films. Van den 
Meerakker et al [17] also observed that the flat-band potential, or the surface band 
bending of ITO decreased with the increase of the carrier concentration by a (photo) 
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Fig. 4.6 Work function of ITO films as a function of carrier concentration. 
 
The work function of ITO films can be deduced by the difference between the 
photon energy (hν = 21.2 eV) and the secondary electron cutoff in UPS spectra shown 
in Fig. 4.4. It is plotted as a function of carrier concentration, as shown in Fig. 4.6. It 
seems that the work function of ITO films decreased linearly with increasing carrier 
concentration.  
 
A work function is defined as the energy difference between the Fermi energy 
and the vacuum level. The widening in the energy distance between the Fermi level and 
the vacuum level results in an increase in the work function. This can be realized by 
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either forming surface dipoles or changing surface band bending. If the work function 
shift is due to changes of surface dipole, the electron affinity will change, but the Fermi 
level position relative to the energy band will not change. If the work function shift is 
due to the variation in the surface band bending, the Fermi level position relative to the 
energy band will change [18]. In this work, the shift in the VBM can always be 
observed. Therefore, the change in the work function was attributed to the variations in 
the surface band bending. This was manifested by a shift in the VBM edge, which was 
observed from the UPS spectra shown in Fig. 4.4. The reduction in the carrier 
concentration from 1.96 × 1020 /cm-3 to 5.91 × 1020 /cm-3 resulted in a decrease in the 
work function of ITO film from 4.8 ± 0.1 eV to 4.5 ± 0.1 eV.  
 
The variation of  ~0.3 eV in the ITO work function can be attributed to the 
change of doping level, that is, the change of oxygen vacancies in ITO films. As 
discussed above, the addition of hydrogen into the sputtering gas mixture induced the 
variation in the stoichiometry of ITO films. The oxygen vacancies in the ITO films 
increased when the hydrogen partial pressure increased. This is the converse to the 
effect of oxidizing treatment on the ITO surface. Oxidizing the ITO surface gives rise to 
an increment of the oxygen contents and is generally known to increase the work 
function [19-21]. Our results show that the variation of work function in highly doped-
ITO films can be up to ~0.3eV when the hydrogen partial pressure changed from 0 – 3.2 
× 10-3 Pa. The technique of controlling ITO work function can be used to modify the 
interfacial electronic properties at ITO/organic interface for the efficient OLED. 
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4.4 Optimal ITO anode contact for efficient OLEDs 
 
4.4.1 Effect of bulk carrier concentration 
 
We explored the effect of carrier concentration in ITO films on the luminance 
efficiency of OLEDs. One set of identical OLEDs was made with ITO anode prepared 
at hydrogen partial pressures of 2 × 10-3 Pa, 2.6 × 10-3 Pa and 3.2 × 10-3 Pa, as 
represented by OLED1, OLED2 and OLED3, respectively. The sheet resistance of these 
three ITO films were controlled to be 25 ± 4 Ω/sq, but they had different carrier 
concentration. This enables us to study the effect of carrier concentration in ITO on the 
OLED performance. The current density-luminance-voltage characteristics of OLEDs 
were investigated. The interfacial electronic properties at ITO/NPB interface were 
examined using UPS. The mechanism of improvement in the luminance efficiency of 
OLEDs made with these ITOs will be discussed below. 
 
The J-V-L characteristics of these three devices are shown in Figs. 4.7 (a)-(c). 
From the J-V curves, it can be seen that there was a small variation in the current 
density over the operating voltage range of 0 – 10 V. The trend of changes in the current 
density and efficiency with carrier concentrations was contradictory. OLED1 had the 
highest current density, while OLED3 exhibited highest efficiency. This was related to 
the changes of carrier injection barrier height at the ITO/NPB interface. A clearer 
picture of electronic structures in the NPB and ITO films can be obtained by the UPS 
measurement.  
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 In order to explore the mechanism of variations in the luminance efficiency of 
OLEDs made on ITO films with different carrier concentrations, the interfacial 
electronic structure at ITO/NPB was measured using UPS.  
 
 NPB with the thickness of 100 nm was deposited onto the ITO surface in the 
pretreatment chamber of the spectrometer. The interfacial electronic properties of 
ITO/NPB measured by UPS were compared with the current density-voltage and 
luminance-voltage characteristics of OLEDs with the same anode structures. The UPS 
spectra of interfacial electronic structures between ITO and NPB are shown in Fig. 4.8. 
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Fig. 4.7 J-V (a), L-V (b) and E-J (c) characteristic of OLEDs made on ITO 
prepared at different hydrogen partial pressures of 2 × 10-3 Pa (OLED1), 2.6 × 10-3 
Pa (OLED2) and 3.2 × 10-3 Pa (OLED3), respectively. 
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The center part of the figure shows the complete spectra while the left and right graphs 
show the secondary electron cutoff and highest occupied molecular orbital (HOMO) 
region of the spectra magnified for better comparison. The values of the EHOMO for NPB 
is obtained by linear extrapolation of the leading edge of low binding energy electrons. 
The work function is determined by the process described in the previous section. It was 
observed that the work function decreased a little after NPB deposition on the ITO 
surfaces. This is related to the formation of a reactive interface layer resulting in an 
interface dipole.  
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Fig. 4.8 He I UPS spectra obtained at ITO/NPB interface. The full spectra are 
shown in the center part. The left and right graphs are secondary electron cutoff 
and HOMO regions magnified for more details. ITO films measured were 
deposited at different hydrogen partial pressures of 0 Pa (a), 1.1 × 10-3 Pa (b), 2 × 
10-3 Pa (c), 2.6 × 10-3 Pa (d) and 3.2 × 10-3 Pa (e). 
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Fig. 4.9 shows examples of schematic band diagrams for the interfacial 
electronic structure of ITO/NPB. ΦVAC, Φh represents the work function of ITO and the 
barrier height of ITO/NPB, respectively. The values of ΦVAC, Φh for the different ITO 
films were deduced from the UPS spectra shown in Fig. 4.8 using the same method 
described above. The ITO films generally exhibit a surface band bending. A 
semiconductor-like interface other than metallic-like interface should occur between 
ITO and NPB.  
 
For inorganic semiconductor interfaces the band alignment can be considered as 
an intrinsic property of a certain material combination, which means that it is not 
affected by the Fermi level [16]. Therefore, it can be inferred from Fig. 4.9 that the 
barrier height will increase when the surface band bending becomes smaller. This is in 
agreement with our results obtained in UPS measurements. The barrier height increased 
from 0.56 ± 0.05 eV to 0.87 ± 0.05 eV when the carrier concentration in ITO film 































Fig. 4.9 Schematic band diagram of electronic structure at ITO/NPB interface. ITO 
films were prepared at different hydrogen partial pressures of 2 × 10-3 Pa (OLED1) 
(a), 2.6 × 10-3 Pa (OLED2) (b) and 3.2 × 10-3 Pa (OLED3) (c), respectively. 
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Fig. 4.10 Interfacial barrier height at ITO/NPB as a function of carrier concentration. 
 
 The hole mobility in NPB is about two orders of magnitude higher than the 
electron mobility in Alq3. Therefore, either reducing holes or increasing electrons helps 
to improve EL efficiency of OLEDs. The increase of barrier height can block the hole 
injection and lead to more balance between hole and electron currents arriving at the 
recombination zone. As it is expected, OLED3, made on an ITO anode with highest 
carrier concentration, exhibited the highest barrier height of 0.87 ± 0.05 eV, leading to a 
reduction in the number of holes injecting from ITO to NPB. The better hole-electron 
current balance is expected to lead to an improvement in the EL efficiency of OLEDs. 
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4.4.2 Effect of ITO surface modification  
 
The hole-injection barrier at the anode/NPB interface can be modified by 
controlling the ITO carrier concentrations as discussed in section 4.3. An enhancement 
in the luminance efficiency of the OLED was attributed to a better current balance. In 
OLED application, the ITO contact plays a very important role in determining the EL 
efficiency and the stability of these devices.  It is generally known that oxidizing the 
ITO anode surface is beneficial for efficient operation of OLEDs. In this work, the 
effect of ITO surface modification using NO plasma treatment on OLED performance 
was also explored. 
 
 
The in situ four-point probe measurement showed that NO plasma treatment 
induced an increase in the sheet resistance of the ITO film. XPS was utilized to monitor 
the chemical status of elements near the ITO surface region before and after NO plasma 
treatment. Fig. 4.11 shows the core level spectra of Sn 3d measured for the untreated 
























Fig. 4.11 Sn 3d5/2 core level spectra obtained from untreated ITO film (a) and NO 
plasma treated ITO (b). 
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ITO (a) and the NO plasma-treated ITO surface (b). The solid circle symbols represent 
the Sn 3d XPS peaks directly measured for various surfaces and the solid lines are the 
corresponding fitted peak envelopes. The spectra of Sn 3d can be deconvoluted into two 
peaks as represented by dotted lines. These two peaks at high and low binding energies 
correspond to two different Sn oxidation states of Sn4+ and Sn2+, respectively. It is 
evident that the intensity of Sn4+ peak decreased after NO plasma treatment. This 
indicates that NO plasma induced a reduction of donors in the ITO film, leading to the 
decrease of carrier concentration in the ITO film. This effect is somewhat similar to that 
of ITO modified by oxygen plasma treatment [22]. 
 
N 1s core level spectra measured for untreated ITO, NO-adsorbed ITO and NO 
plasma-treated ITO was shown in Fig. 4.12. A dominant N 1s peak located at the 
binding energy of about 400 eV was obtained from the NO plasma-treated ITO surface 
while no nitrogen signal was observed for untreated ITO.  In comparison with the N 1s 
peak at a binding energy of 404 eV, which was formed due to molecularly adsorbed NO 
on the metal oxide [23], the N1s at 400 eV could be assigned to NO+ ions interacting 
with water in addition to lattice oxygen anions [24].  
 
The XPS results suggest that a new chemical bond was induced by the 
interaction of NO plasma and the ITO surface. During this process, NO reacted with 
SnO2 by donating an electron from an anti-bonding molecular orbital to the lattice 
oxygen on an O-Sn-O site. NO was positively charged and induced the formation of 
Sn2+ species. This analysis is in agreement with the change observed in the core level 
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spectra of Sn 3d. The free electrons decreased and a low conductivity layer with the 







































Fig. 4.12 N 1s XPS spectra obtained from an untreated ITO surface, NO-adsorbed 
ITO surface and NO plasma treated ITO surface. 
 
The EL performance of OLEDs made with untreated and NO plasma modified 
ITOs was compared. In the following discussion, OLED1 and OLED2 represent the 
devices made with untreated ITO, and NO plasma-treated ITO, respectively. The 
current density-voltage, luminance-voltage and efficiency-current density 
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characteristics of these devices are shown in Figs. 4.13 (a)-(b). From J-V, L-V and E-J 
curves as shown in Figs. 4.13 (a)-(c), the current density and luminance of OLED2 were 
lower than those of OLED1, while its efficiency was higher than that of OLED1. This 
indicates that the hole-electron balance in devices made with plasma-treated ITO was 
improved significantly. 
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Fig. 4.13 J-V (a), L-V (b) and E-J (c) characteristics of OLEDs measured for 
OLEDs made with untreated ITO (OLED1) and NO plasma treated ITO (OLED2). 
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The NO plasma treatment induced an increase in ITO sheet resistance. The low 
conductivity layer formed on the ITO surface diminished conductive cross-sectional 
area of ITO film, as a consequence, the sheet resistance of the ITO film increased. 
According to the above discussion made with XPS results, the electronic structure of 
this low conductivity layer was different from the untreated ITO. A new production 
with N-O species was induced by the reaction between NO plasma and ITO surface. An 
ITO anode modified with an insulating interlayer for enhanced OLED performance has 
been demonstrated. In a previous work, it has been demonstrated that the presence of an 
ultra-thin LiF interlayer between the ITO and the polymer also favors the efficient 
operation of the OLEDs [25]. The improvement was attributed to an improved 
ITO/organic interface quality and a more balanced hole-electron current that improves 
device efficiency. As a consequence, NO plasma-treated ITO behaves somewhat 
similarly to specimens where there is an ultra-thin insulating interlayer serving as an 




High quality ITO films were developed by RF magnetron sputtering at a low 
processing temperature, which involved introducing hydrogen into the sputtering gas 
mixture. ITO film with a thickness of 130 nm and sheet resistance of 25 ± 5 Ω/sq can be 
fabricated over the hydrogen partial pressure from about 1 – 3 × 10-3 Pa. The relative 
minimum sheet resistance, ~25 Ω/sq was obtained at hydrogen partial pressure of 2.6 × 
10-3 Pa. The average transmittance of 86%, 89%, 90% and 89% over the visible 
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wavelength of 400 nm – 800 nm were obtained at the hydrogen partial pressures of 0, 
1.1 × 10-3, 2 × 10-3 and 2.6 × 10-3 Pa, respectively.  
 
The surface electronic properties of ITO were studied. It was used to explore the 
effect of bulk carrier concentration of ITO on the luminance efficiency of the OLED. It 
shows that the surface band bending can occur near the ITO surface region. The 
thickness of the depletion layer near the ITO surface ranged from around 2.2 nm to 1.4 
nm when the hydrogen partial pressure varied from 0 – 2.6 × 10-3 Pa. The work function 
of ITO was shown to be varied up to ~0.3 eV. This was achieved by controlling the 
hydrogen partial pressure, e.g. from 0 – 3.2 × 10-3 Pa used in this work, and attributed to 
the change in its surface band bending.  
 
The technique of varying the ITO work function can be used to engineer the 
interfacial electronic properties at the ITO/organic interface for the efficient OLED.  A 
set of identical OLEDs was made on low temperature ITO with similar sheet resistance, 
but different carrier concentrations. The interfacial barrier between the ITO and the 
organic layer can be modified by controlling the ITO work function for improving the 
current balance. The J-L-V characteristics of the devices revealed that the carrier 
concentration in ITO also played a role in improving the device performance. The 
optimal ITO for enhanced OLED performance has been demonstrated.  
 
As the barrier to hole-injection at the ITO/organic interface is normally affected 
by ITO contact in OLED, the effect of ITO surface modification was also investigated. 
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The sheet resistance of ITO increased after the NO plasma treatment. The surface 
electronic structure of this ITO is different from the untreated ITO. A new production 
with N-O species was induced by the reaction between NO plasma and ITO surface. 
The EL performance of the OLEDs made with NO plasma-treated ITO was enhanced in 
comparison with the identical devices made on untreated ITO glass. This was attributed 



































1. P. F. Carcia, R. S. Mclean, M. H. Reilly, Z. G. Li, L. J. Pillione and R. F. 
Messier, J. Vac. Sci. Technol. A 21(3) (2003) 745. 
2. C. Yuanri and X. Xinghao, Thin Solid Film 115 (1984) 195. 
3. C. Coutal, A. Azema, and J. C. Roustan, Thin Solid Film 228 (1996) 248. 
4. H. J. Krokoszinski and R. Oesterlein, Thin Solid Film 187 (1990) 179. 
5. F. Zhu, C. H. A. Huan, K. Zhang and A. T. S. Wee, Thin Solid Film 359 (2000) 
244. 
6. H. Morikawa and M. Fujita, Thin Solid Film 359 (2000) 61. 
7. D. Y. Lee, S. J. Lee, K. M. Song and H. K. Baik, J. Vac. Sci. Technol. A 21(4) 
(2003) 1069. 
8. M. Katiyar, Y. H. Yang and J. R. Abelson, J. Appl. Phys. 77 (1995) 6247. 
9. R. B. H. Tahar, T. Ban, Y. Ohya and Y. Takahashi, J. Appl. Phys. 83 (1998) 
2631. 
10. N. El-Kadry, M .F. Ahmed and K. A. Hady, Thin Solid Films 274 (1996) 120. 
11. H. Hidenori, W.S. Seo and K. Koumoto, Chem. Mater. 10 (1998) 3033. 
12. K. S. Ramaiah, V. S. Raja, A. K. Bhatnagar, R. D. Tomlinson, R. D. Pilkington, 
A. E. Hill, S. J. Chang, Y. K. Su and F. S. Juang, Semicond. Sci. Technol. 15 
(2000) 676. 
13. H. L. Hartnagel, A. L. Dawar, A. K. Jain and C. Jagadish, Semiconducting 
Transparent Thin Films (Institute of Physics Publishing, Bristol, 1995). 
14. E. Burstein, Phys. Rev. 93 (1954) 632. 
15. A. Klein, Appl. Phys. Lett. 77 (2000) 2009. 
 81
                      Chapter 4 Properties of low temperature ITO films and OLED application   
16. A.klein, Mat. Res. Soc. Symp. Proc. 666 (2001) F1.10.1. 
17. J. E. A. M. van den Meerakker, E. A. Meulenkamp and M. Scholten, J. Appl. 
Phys. 74 (1993) 3282. 
18. Personal communications: “the results of this work agreed with the model 
proposed by Dr Andreas Klein. Author appreciates the interpretation of the 
results was confirmed and supported by Dr Andreas Klein”. 
19. K. Sugiyama, H. Ishii, Y. Ouchi and K. Seki, J. Appl. Phys. 87 (2000) 295. 
20. S. T. Lee, Y. M. Wang, X. Y. Hou and C. W. Tang, Appl. Phys. Lett. 74 (1999) 
670. 
21. M. G. Mason, L. S. Hung, C. W. Tang, S. T. Lee, K. W. Wong and M. Wang, J. 
Appl. Lett. 86 (1999) 1688. 
22. H. Y. Yu, X. D. Feng, D. Grozea, Z. H. Lu, R. N.S. Sodhi, A. M. Hor and H. 
Aziz, Appl. Phys. Lett. 78 (2001) 2595. 
23. T. W. Capehart and S. C. Chang, J. Vac. Sci. Technol. 18 (1981) 393. 
24. J. Torres, C. C. Perry, S. J. Bransfield and D. H. Fairbrother, J. Phys. Chem. B 
107 (2003) 5558. 




                                                                                                   Chapter 5 Flexible OLED 




 The display of the future requires that it should be thin in physical dimension, 
small and large formats, flexible, full color at a low cost. These demands are sorely 
lacking in today's display products and technologies such as the plasma and LCD 
technologies. The OLED stands out as a promising technology that would deliver the 
above challenging requirements and has the potential to be integrated onto lightweight, 
flexible substrates for the production of a wide range of entertainment, wireless, 
wearable-computing, and network-edge devices. 
 
 Current OLED technologies employ rigid substrates, such as glass, which limits 
the "mouldability" of the device, restricting the design and spacing where OLEDs can 
be used. The use of thin flexible substrates in OLEDs will significantly reduce the 
weight of flat panel displays and provide the ability to bend or roll a display into any 
desired shape [1]. Ultra-thin glass sheets with polymer reinforcement coatings and 
transparent plastic substrates have been considered as possible substrate choices for 
flexible OLED displays. 
 
Next generation flexible displays are commercially competitive due to their low 
power consumption, high contrast, lightweight and flexibility. Up to date, much effort 
has been focused on fabricating OLEDs on flexible plastic substrates. The polymeric 
based plastic substrates usually have significant oxygen and water permeability [2,3]. 
The barrier properties of these substrates are not sufficient to protect the organic layers 
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in OLEDs due to the penetration of the chemically reactive oxygen and water molecules 
into active layers of the devices. Therefore, the plastic substrates with an effective 
barrier against the oxygen and moisture have to be solved before this simple vision of 
flexible display can become reality.  
 
Polymer-reinforced ultra-thin glass sheet is one of the alternative substrates for 
flexible OLEDs. It has been found that the flexibility and handling ability of ultra-thin 
glass sheet can be improved significantly when it is reinforced.  The reinforcement 
polymer layer has the same shrinkage direction as that of an ITO layer deposited on the 
opposite side of the substrate. ITO-coated ultra-thin glass with reinforcement polymer 
layer has high optical transmittance and is suitable for device fabrication.    
 
The work presented in Chapter 4 indicates that the ITO film developed at a low 
processing temperature is suitable for OLED applications. The improvement in OLED 
performance correlates directly with the ITO properties. Plastic foils and ultra-thin glass 
sheets with reinforced polymer layers are not compatible with a high temperature 
plasma process [4-7]. Therefore, the successful development of high quality ITO film 
with smooth surface and suitable opto-electronic properties at a low temperature 
provides the possibility for developing flexible displays. 
 
In this chapter, the results of a low temperature ITO on reinforced ultra-thin 
glass for flexible OLEDs are presented. High quality ITO films with suitable electrical 
properties, optical transmittance and smooth surface were prepared using an argon-
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hydrogen gas mixture. Test OLEDs made on 50 μm-thick flexible glass sheets were 
fabricated. The EL performance of the flexible OLEDs was comparable to those of 
devices fabricated with commercial ITO-coated rigid glass substrates. The improvement 
in the flexibility of a polymer-reinforced ultra-thin glass sheet was discussed. 
 
5.1 Properties of polymer reinforced ultra-thin glass 
 
The reinforcement polymer Poly (dimethyl siloxane) was dissolved in 1-
methody-2-propanol solvent in a weight ratio of about 1.8 : 1. In order to control the 
shrinkage of the reinforcement polymer, an additive solution was added to the polymer 
solution. This additive solution was prepared by dissolving solid additive, aluminum 
2,4-pentanedionate (C15H21AlO6) in methylethylketone in a weight ratio of 1 : 31.  The 
mixture was then stirred for 10 minutes and filtered with 0.2 μm PTFE filter. The 
reinforcement layer was deposited on a cleaned ultra-thin glass substrate using filtered 
solution by spin coating at a rotation speed of 2500 rpm for 20 seconds.  It was about 4 
μm thick.  The reinforcement layer was then cured at 225 °C for 1 hour to form a 
transparent polymer layer.  The shrinkage of cured polymer layer was calculated by 
measuring the specimen dimension before and after it was reinforced. The average 
shrinkage of reinforcement polymer was less than 1% after it was cured as shown in 
Table 5.1. The addition of C15H21AlO6 additive was able to reduce the degree of 
crystallization of the polymer and lead to a low shrinkage of polymer.  This was to 
ensure the ultra-thin glass to remain flat, which was crucial for the subsequent processes 
including deposition of ITO and organic layers. 
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Table 5.1 Average shrinkage of ultra-thin glass with a reinforcement polymer layer. 
 
 
Original Length, mm Length after reinforcement, mm Shrinkage, % 
50.85 50.42 0.79 
50.75 50.34 0.81 
50.77 50.36 0.81 
50.81 50.40 0.81 
50.75 50.35 0.79 
50.72 50.33 0.77 
50.72 50.32 0.79 
50.71 50.32 0.78 
50.76 ± 0.05 50.36 ± 0.04 0.79 ± 0.02 
    
 
 The polymer-reinforced ultra-thin glass sheet was laminated with two pouch 
films (~0.125 mm thick each) for the bending test. This was to ensure that the clamps of 
the tester would not damage the ultra-thin glass in bending measurements. Since the 
pouch films were more flexible and had lower modulus than the ultra-thin glass, it did 
not affect the result of the test. The bending properties of the substrates were measured 
using Instron 5543 machine and a home made bending tester as shown in Fig. 5.1. The 
minimum radius of curvature for ultra-thin glass sheet was determined by the critical 







Fig. 5.1. Bending test of ultra-thin glass substrate using an Instron 5543 tester. 
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 Bending test results are shown in Table 5.2.  It showed that the reinforcement 
polymer decreased the chances of glass breakage during the 1000-cycle bending test. 
There were ~94% of the polymer-reinforced ultra-thin glass sheets passed 30 mm or 
higher compression. This was equivalent to a minimum radius of curvature of 28 mm or 
less (minimum radius of curvature of a standard chip card is 29.5 mm).  In contrast, 
there were only 30% of uncoated glass sheets passed under the same condition.   The 
failure of the polymer-reinforced glass sheet was due to some cracks formed at the 
edges after 936 cycles at 30 mm compression test.  On the other hand, those uncoated 
glass that passed 30 mm compression failed at the early cycles (>200) during the 35 mm 
compression test. 
Table 5.2. The results of a bending test obtained for 50 μm thick ultra-thin glasses 
with a reinforcement polymer layer. 
 
With polymer reinforcement Without polymer reinforcement Compression, 
mm Number of sample 
passed 1000cycles 
Pass, % Number of sample 
passed 1000cycles 
Pass, % 
25 1 6 14 70 
30 6 38 2 10 
35 3 19 3 15 
40 1 6 0 0 
45 3 19 1 5 
50 2 12 0 0 
 Total = 16  Total = 20  
 
  
 Compared to the bare ultra-thin glass substrate, the robustness of polymer-
reinforced ultra-thin glass was improved significantly. This was because the 
reinforcement of polymer layer evenly distributed the stress that was applied to the 
ultra-thin glass. We have also used optical image analysis to investigate the mechanism 
of crack formation in the reinforced ultra-thin glass substrates.  It was discovered that 
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the cracks were mostly from the edges and corners of the glass substrates.  These cracks 
originated and propagated from the imperfection of the glass edges and corners.  From 
the bending test results, it was clear that the reinforcement polymer layer prevented and 
delayed the growth of these cracks from the glass edges and corners, which improved 
the flexibility of the ultra-thin glass. Further observations under an optical microscope 
revealed that this was because the polymer layer repaired some of the imperfections 
along the edges of the glass substrate as shown in Fig. 5.2.  The polymer layer covered 
the imperfections so that the cracks were not able to propagate further during entire 
process of the device fabrication. However, these imperfections still had some impacts 









(a)                                                               (b) 
Fig. 5.2 Glass edges without (a) and with a layer of reinforcement polymer layer (b). 
 
By considering the relationships between the compression, X, and vertical 
displacement, Y, of a glass substrate with size along the compression direction, L, as 
shown in Fig. 5.3, the following empirical formulae (5.1) – (5.3) were introduced for 
calculating the minimum radius of curvature for samples (single glass) with different 
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sizes.  It was observed that the flexibility of glass increased with its dimension in length 
















XLY  .                                                                                  (5.3) 
For any given L and X, the radius of curvature, R, and Y can be calculated using 
equations (5.1) – (5.3).  A simple bending tester is schematically shown in Fig. 5.4. In 
this measurement setup, the substrates were bent by moving one end. The values of X 
and Y can then be measured at different curvatures. The calculated values are then 
compared with measured results.  This mathematical model is similar to the large 
deformation elastic theory [9]. 
 
For an actual flexible OLED with two pieces of laminated ultra-thin glass 
sheets, the glass can be broken at much lower compression stress due to an increased 
total thickness.  Theoretically, for single ultra-thin glass, laminated with two plastics, 
the thickness of the glass layer must be constrained by the inequality T< 7.73R2/3. 
Therefore, the minimum radius of curvature of a 50 μm thick ultra-thin glass can reach 
a value of 8 mm or equivalent to 45 mm compression using clamped ends method as 
shown in Fig. 5.3. However, due to the flaws or imperfections of the glass edges and 
corners, the observed minimum radius of curvature is more than 30 mm. For a close 
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estimation, the minimum radius of curvature is about 2.8 times larger when the glass 







L = Length of substrate 
Y = Vertical displacem
 




Fig. 5.3 Schematic diagram showing the relationship between the compression and 






Fig. 5.4 Schematic diagram of bending test for flexible substrate.  
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5.2 ITO on the ultra-thin flexible glass 
 
ITO films were deposited using an argon-hydrogen gas mixture with different 
hydrogen partial pressures of 1.1 × 10-3 Pa and 2.6 × 10-3 Pa, respectively. The relative 
minimum sheet resistance of 25 Ω/sq at a film thickness of 130 nm was obtained when 
it was prepared at a hydrogen partial pressure of 2.6 × 10-3 Pa. The carrier concentration 
in ITO films was found to increase from 2.6 × 1020 /cm3 to 3.8 × 1020 /cm3 when the 
hydrogen partial pressure increased from 1.1 × 10-3 Pa to 2.6 × 10-3 Pa. This was 
because the energetic hydrogen species that were produced during the sputtering 
process remove oxygen in the depositing film to increase the number of oxygen 
vacancies and hence the charge carrier concentration [10].  
 
The transmittance over the visible spectrum of an ITO-coated reinforced ultra-
thin glass substrate is plotted in Fig. 5.5. It shows clearly that the average transmittance 
of ITO film was above 92% over the visible spectrum, indicating that the optical 
transparency of the ultra-thin glass sheet was not affected by the reinforcement layer. 
The optical transparency of ITO film deposited on such a substrate was comparable to 
the one deposited on the normal rigid glass substrate [11]. 
 91
                                                                                                   Chapter 5 Flexible OLED 

















Fig. 5.5 Wavelength dependent transmittance of ITO-coated ultra-thin glass with a 
reinforcement polymer layer. 
 
The surface morphology of ITO film prepared at an optimal hydrogen partial 
pressure of 2.6 × 10-3 Pa was also examined by AFM.  The typical AFM image of an 
ITO-coated ultra-thin glass surface is shown in Fig. 5.6. The root mean square 
roughness of the ITO film on the reinforced ultra-thin glass was ~1.2 nm. The results 
indicate that the small shrinkage of ultra-thin glass induced by the reinforcement 
polymer layer had little effect on the ITO film grown at a low process temperature of 60 
°C. Furthermore, the reinforcement polymer layer was fully cured at 225 °C and no out-
gassing was observed during the ITO deposition.  
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 Fig. 5.6 AFM image of an ITO film on the ultra-thin flexible glass.  
 
Low temperature ITO is a prerequisite for fabricating flexible OLEDs or top-
emitting OLEDs that preclude the use of a high temperature process. An ITO anode 
with a smooth surface can minimize electrical shorts in the thin functional organic 
layers in OLEDs that are very often in the range of 100 – 200 nm. Our results 
demonstrated that the process developed in this work offers an enabling approach to 
fabricate ITO films with smooth morphology and low sheet resistance on a flexible 
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5.3 Flexible OLED performance 
 
In order to investigate the EL performance of the PLEDs made with ITO-coated 
reinforced ultra-thin glass sheets, a reference PLED with an identical structure was also 
made using a commercial ITO-coated rigid glass substrate. All devices were fabricated 
using the same conditions and had an emitting area of 4 mm2. Both ultra-thin and rigid 
glass substrates had a size of 5 cm × 5 cm.  Poly(styrene sulfonate)-doped poly(3,4-
ethylene dioxythiophene) was used as the hole-transporting layer (HTL). The yellow 
light emitting polymer used was a phenyl-substituted poly(p-phenylenevinylene) (Ph-
PPV). The devices made on both flexible and rigid substrates had an identical layered 
structure of ITO/HTL/PPV/Ca/Ag.  The HTL and emissive layer of Ph-PPV were spin-
coated on the ITO surface subsequently.  The cathode consisting of 20 nm of Ca and 
150 nm of Ag were deposited on Ph-PPV by thermal evaporation. The current, voltage, 
and luminance measurements were performed in the glove box with oxygen and 
moisture levels less than 1 ppm.  
 
 
Figs. 5.7 (a)-(c) gives the current density, luminance and efficiency of the 
OLEDs as a function of operating voltage, i.e. J-V, L-V and E-V plots. The solid and 
open circle symbols represent device characteristics measured from OLEDs made with 
ITO1 and ITO2 prepared at hydrogen partial pressures of 1.1 × 10-3 Pa and 2.6 × 10-3 Pa 
on ultra-thin glass sheets, respectively. Those triangle symbols correspond to the device 
characteristics obtained from the OLED made with a commercial ITO-coated rigid glass 
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substrate. It was evident that both OLEDs made on ultra-thin glass substrate had higher 
luminance than the one made on the normal rigid glass. The possible reason is that the 
polymer reinforced ultra-thin glass has better refractive index match between the 
substrate and OLED components compared to the devices fabricated with the bare 
glass, which may enhance light extraction [12,13]. From the J-V curve, it was found 
that the device made on ITO1 had higher current density than the one made on ITO2, 
while the turn-on voltage was lower. These variations were due to the changes in the 
hole-injection of the respective devices.  
 
Obviously, the OLED made on ITO2 had highest luminance efficiency amongst 
these three devices. This can be explained by the effect of carrier concentration in the 
ITO films on its work function and agrees well with the results presented in chapter 4. 
A maximum efficiency of 5.1 cd/A at an operating voltage of 5 V was obtained. From 
Fig. 5.6, it can be found that the EL performance of the OLEDs made with low 
temperature ITO on reinforced ultra-thin glass sheets was comparable to that of an 
identical device made with the commercial ITO-coated rigid glass substrate. 
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Fig. 5.7 J-V (a), L-V (b) and E-V (c) characteristics of OLEDs measured for 
OLEDs made with commercial ITO-coated rigid and reinforced ultra-thin glass 
substrates. ITO1 and ITO2 were prepared at hydrogen partial pressures of 1.1 × 




High quality low temperature ITO films on the polymer reinforced ultra-thin 
glass sheet were developed for flexible OLEDs. The relative minimum value of sheet 
resistance, 25 Ω/sq at a film thickness of 130 nm, was obtained for ITO film prepared at 
a hydrogen partial pressure of 2.6 × 10-3 Pa. The transmittance of ITO film deposited on 
the polymer-reinforced ultra-thin glass was above 92% over the visible spectrum. The 
root mean square roughness of the ITO film on the reinforced ultra-thin glass was ~1.2 
nm. The flexible OLEDs made with a low temperature ITO anode had a higher 
 97
                                                                                                   Chapter 5 Flexible OLED 
luminance than that of an identical device made with an ITO coated rigid glass 
substrate. This is because the reinforced polymer on ultra-thin glass services as an index 
match layer to enhance light output in OLED due to the light out coupling effect. A 
flexible OLED with a maximum luminous efficiency of 5.1 cd/A was achieved at an 
operating voltage of 5 V. These experimental results show clearly that the EL 
performance of the flexible OLEDs made with low temperature ITO films was 
comparable to that of an identical device made with the commercial ITO-coated rigid 
glass substrate. This work also demonstrated that polymer-reinforced ultra-thin glass 
sheet was a suitable substrate choice for flexible OLED applications. The possible 
occurrence of the micro cracks in the ultra-thin glass sheet can be reduced significantly 
when it is reinforced by a polymer layer. The minimum radius of curvature and bending 
distances of reinforced ultra-thin glass were estimated. Such reinforced ultra-thin glass 
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CHAPTER 6 SURFACE ELECTRONIC PROPERTIES OF NO-TREATED ITO 
 
In OLED applications, different ITO surface modifications including chemical 
treatment [1], plasma treatments using oxygen or SF6 [2], and UV ozone exposure have 
been used to modify ITO surface electronic properties to optimize the EL performance 
of the devices [3-9].  It has been reported that oxygen plasma and UV-ozone treatments 
can effectively remove the surface carbon contamination and cause an increase in the 
work function of ITO [10]. This may then lead to a lower energetic barrier at 
ITO/organic interface and favors the efficient operation of OLEDs. Therefore, better 
understanding of the surface electronic properties of ITO and the modified ITO using 
different surface treatments is helpful for improving the performance of devices 
involving ITO.  
 
In Chapter 4, the surface electronic properties of as-deposited ITO with different 
carrier concentrations have been studied. The improvement in the luminance efficiency 
of OLEDs made with NO plasma treated ITO was demonstrated. These findings 
provided a basis for engineering the optimal ITO anode contact in OLEDs.   
 
It is generally known that the electrical conductivity of metal oxides is sensitive 
to some gases by the modification of the surface potential. This is also another 
important property of metal oxides, which enables them to have applications in gas 
sensors. It has been shown in other work that the ITO was sensitive to NO, at high 
temperature of over 250 °C, based on the variations in conductivity [11].  
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 In this chapter, the surface electronic properties of NO-treated ITO at room 
temperature were studied and the potential for applications was assessed. This work 
aimed at understanding the correlation between the surface electronic structures of ITO 
and the changes in its sheet resistance due to the interaction of NO and ITO film. The 
surface electronic properties of NO-treated ITO were examined in situ by four-point 
probe and XPS measurements.  The core level spectra of O 1s, N 1s and VBM were 
measured for ITO before and after being exposed to NO at room temperature. The ITO 
surface composition analyses made with XPS were used to study the interaction of ITO 
with NO. An in situ four-point probe monitored the increase of the sheet resistance due 
to the exposure of ITO to NO. The results showed that the increase in the sheet 
resistance correlated with the presence of a low conductivity layer on the ITO surface.  
 
6.1 In situ four-point probe studies of NO adsorption  
 
In order to explore the interaction between the ITO surface and NO, in situ four-
point probe and XPS measurements were carried out to observe the variations in the 
surface electronic structure of ITO film, before and after NO adsorption.  The sheet 
resistance of as-deposited ITO and NO-adsorbed ITO were measured in situ in the thin 
film and device fabrication system as shown in Fig. 3.1. The fresh ITO was deposited 
and transferred from the sputtering chamber to the glove box without exposing to 
atmosphere. The sheet resistance of fresh ITO was measured using a four-point probe 
placed in the glove box. The fresh ITO was transferred back into the pretreatment 
chamber in which the base pressure remains approximately 10-4 Pa. After NO exposure, 
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the sample was transferred to the glove box again and the sheet resistance of treated 
ITO was obtained. NO partial pressure was varied from 0 – 1.3 Pa. The exposure time 
was 10 minutes for each treatment.  
 
The in situ four-point probe measurements showed that NO adsorption induced 
an increase in ITO sheet resistance at room temperature. It was proposed that a low 
conductivity layer was formed near the ITO surface region, and this was NO induced. 
As this low conductivity layer is estimated to be extremely thin compared to the 
thickness of the ITO films (~ 130 nm) used in the normal experiments, it seems that the 
measured sheet resistance of ITO after NO adsorption is dominated by the bulk ITO. As 
such, a set of 17 nm thick ITO films was sputtered in this work so that this value of 
thickness was more comparable to that of our estimated low conductivity layer on ITO. 
The change in the sheet resistance, ΔR, of the ITO films before and after NO adsorption 
was monitored in situ by the four-point probe measurement. The thickness of NO-
induced low conductivity layer on ITO surface, x, was estimated using a dual-layer 
model. 
  
It was noticed that with this low conductivity layer formed, the resistance 
measured would be not only from the bulk ITO but also from this highly resistive 
surface layer. As such, the increase in the sheet resistance may be due to the reduction 
of the ITO layer thickness resulting from the treatment. Referring to Fig. 6.1 (b), we 
postulated that the resistance should be that of a parallel-resistor combination and the 
resistance of ITO ( R ) measured after NO adsorption is  
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RRR +=  ( 1RR <  and R2),                                                                             (6.1)                                
where R1 is the resistance of bulk ITO and R2 is the resistance of the low conductivity 
layer. Since R2 >> R1, 1RR = , before NO adsorption (Fig. 6.1 (a)), 
tR=ρ ,                                                                                                                       (6.2) 
where ρ is the resistivity, R is the sheet resistance, and t is the thickness of  bulk ITO. 
After NO adsorption (Fig. 6.1 (b)), 
111 tR=ρ ,                                                    (6.3) 











1 === ρ , since resistivity of bulk ITO is always constant. 
In our case, the ITO deposited by us is t = 17 nm. By putting xt −= 171  (x = thickness 













Rx Δ=−=−= .                                                                         (6.5) 
Substituting ΔR and R obtained from the experiments, x ≈ 2.5 nm. Using this method, 
the thickness of the low conductivity layer was estimated to be approximately 2.5 nm, 
provided that the thickness of deposited ITO is in the range of 17 nm.  
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Bulk ITO,  R1 t1    
x R2 
(b) ρ 1 
  
Bulk ITO,  R  t 
















Fig. 6.1 Schematic diagram of a fresh ITO (a) and a dual layer ITO consisting of a 
low conductivity layer, x, and bulk ITO layer, t (b). 
 
 
Table 6.1 summarizes the changes in ΔR and x, obtained for the ITO films 
exposed at different conditions. The measured ΔR correlates with the thickness of this 
low conductive layer. It shows that the change in the sheet resistance was saturated. The 
increase in the sheet resistance can be associated with adsorbed NO species on the ITO 
surface. 
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Table 6.1 The NO-induced low conductive layer thickness and ΔR of the ITO films 




NO partial   
pressure (Pa) (Ω/sq) 
NO-induced low conductivity 
layer thickness (nm) 
1 0 0 - 
2 0.42 42 2.4 
3 0.79 44 2.5 
4 1.31 43 2.5 
 
 
ITO is a ternary, ionic-bound, degenerate semiconducting oxide. Basically there 
are two fundamental models for observed changes in its conductivity [12]. First, there 
are changes induced by the surface band bending due to molecular adsorption on an 
ITO surface. The interaction of ITO with NO may cause a decrease in the electrically 
active ionized donors in a region near its surface. This will then result in an overall 
increase in the sheet resistance as observed from the in situ four-point probe 
measurements. Second, the bulk defect concentration varies due to the diffusion of 
atomic species from the surface region modifying the conductivity. In the second case, 
NO has to be dissociated after adsorption on ITO surface. The diffused oxygen atoms 
will mediate the conductivity by altering the number of available conduction electrons. 
As such, a clear picture of NO on ITO surface, i.e. molecular or dissociative adsorption, 
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Fig. 6.2 N 1s core level spectra obtained from a clean ITO film (a), a NO-
adsorbed ITO surface (b) and a NO-adsorbed metal indium foil (c). 
 
In order to gain an insight to better understand the correlation between the 
changes in ITO conductivity and its surface electronic properties, XPS was utilized to 
monitor the evolution of N 1s, O 1s, In 3d5/2, and Sn 3d5/2 peaks of ITO before and after 
NO adsorption.  
 
A pure metal indium foil was also used for the NO adsorption studies. The 
specimen was gently cleaned using argon ion sputtering to remove possible surface 
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contamination before it was exposed to NO gas. The adsorption of NO on ITO was 
carried out in the preparation chamber of the XPS machine. The clean ITO surface was 
exposed to NO at a partial pressure of 5 × 10-5 Pa for 10 minutes, which was about an 
exposure of 225 Langmuir.  
 
Fig. 6.2 shows the N 1s core level XPS spectra measured from a clean ITO 
sample, a NO-adsorbed ITO surface and a NO-adsorbed metal indium foil. The core 
level N 1s peaks were Gaussian in shape and comprised of only one component. The N 
1s peak measured for NO-adsorbed ITO surface was located at the binding energy of 
404 eV. There was no nitrogen signal observed on a clean ITO surface. In comparison 
with the N 1s peak position measured for a NO-adsorbed ITO surface, a binding energy 
of the N 1s peak measured for the NO-adsorbed metallic indium surface was 396 eV. 
The N 1s peak at 396.4 eV is identified as nitride due to its low binding energy, and the 
binding energy of N 1s is 410 eV for condensed NO [12]. As ITO has intermediate 
chemical activity between metallic indium and a condensed layer of NO, the binding 
energy of 404 eV is assigned to molecularly adsorbed NO on the ITO surface. As the 
exposure of NO increased, there were no obvious changes in N 1s and O 1s peak 
features, implying a build-up of a buffer layer on the top of the ITO surface. The change 
in its sheet resistance was also saturated. The observation revealed that the interaction 
of NO with ITO was mainly restricted to the surface region. 
 
Two possible mechanisms can be accounted for the interaction of ITO with NO. 
First, the adsorbed NO molecules on the surface of n-type ITO can behave like 
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acceptors capturing the free electrons from the conduction band. The surface states of 
ITO may carry a negative charge, which is screened by a positive charge (space-charge) 
inside the semiconductor. This space-charge layer has a low density of free electrons 
and hence forms a layer of low conductivity near the ITO surface region. As this low 
conductivity layer decreases the conductive cross-sectional area of ITO, an increase in 
ITO sheet resistance is expected. On the other hand, the interaction of ITO with NO 
occurred accompanied by a decrease of oxygen vacancies near the surface.  
 
The reduction of oxygen deficiency near the ITO surface due to NO adsorption 
may also be responsible for the increase of ITO resistance. This process may be 
manifested by monitoring the compositional changes on the ITO surface. Assuming 
ITO surface composition remained homogeneous, the relative atomic concentration of 
each element on the ITO surface was calculated according to their peak areas and 
relative sensitivity factors previously determined for our instrument. Quantification 
takes into consideration both the corresponding photoionization cross-sections of 
Scofield and the transmission function of the spectrometer [13]. The atomic 
concentration of each element calculated for different ITO surfaces is given in the Table 
6.2. It was noted that there existed a significant difference in chemical composition 
amongst various ITO surfaces. Table 6.2 shows that an as-received ITO had the highest 
oxygen concentration, which was due to the surface contamination. The surface oxygen 
concentration decreased when it was cleaned by argon ion sputtering. It shows that the 
oxygen concentration increased again when a clean ITO was exposed to NO. This is 
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inferred due to the interaction of ITO with NO, which changed the stoichiometry on the 
ITO surface. 
Table 6.2 Comparison of atomic concentration of each element calculated for different 
ITO surfaces. 
 
Atomic concentration (%) ITO surface 
condition O In Sn 
Ratio of 
O/(In+Sn) 
As-received 69 27.80 3.2 2.23 
Ar+ sputtered 49.58 47.74 2.68 0.98 
NO-adsorbed 63.08 33.72 2.69 1.73 
 
In the XPS measurements, the In 3d5/2, Sn 3d5/2 and O 1s peaks of clean and 
NO-adsorbed ITO films were also examined. O 1s core level spectra with curve fitting 
obtained from Ar+ sputtered and NO-adsorbed ITO surfaces are shown in Fig. 6.3. After 
a Shirley-type background subtraction, peak spectral deconvolution was achieved using 
Fig. 6.3 O 1s core level spectra measured from Ar+ sputtered ITO surface (a) and NO-
adsorbed ITO surface (b). 
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a curve-fitting procedure based on Lorentzians broadened by a Gaussian. Component 
peak shape and the full-width-at-half-maximum of the peak envelope were kept the 
same during curve fitting. The solid circle symbols represent the data directly measured 
from various surfaces and the solid lines corresponds to the fitted peak envelopes. Since 
the contamination of as-received ITO was removed by Ar+ sputtering, the O 1s 
spectrum measured for Ar+ sputtered ITO surface comprised only one component, 
which was located at 530.5 eV as shown in Fig. 6.3 (a). This can be assigned to the 
lattice oxygen in ITO. From Fig. 6.3 (b), it was obviously observed that a small 
shoulder occurred for the core level of O 1s spectrum measured for the NO-adsorbed 
ITO surface. This peak could be deconvoluted into two components as represented by 
dotted lines. The positions of these two peaks were located at 530.5 eV and 531.8 eV, 
respectively. The smaller peak at the higher binding energy was related to the adsorbed 
oxygen from NO, which also induced an oxygen rich layer near the ITO surface region 
after NO adsorption. This was consistent with the results of compositional changes in 
the ITO surface. There was a measurable increase in the ratio of O/(In+Sn) for an ITO 
after NO was adsorbed on its surface.  For example, the ratio of O/(In+Sn) obtained 
from a clean ITO (cleaned by argon ion sputtering) was about 0.98, and that obtained 
from a NO-adsorbed ITO surface was 1.73, as shown in Table 6.2. The above XPS 
results indicated that the change in ITO sheet resistance also corresponded with the 
increase of the oxygen content on an ITO surface. 
 
The In 3d5/2 and Sn 3d5/2 spectra of ITO before and after NO adsorption were 
also measured. There was no considerable change for both spectra observed in our XPS 
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measurement. Fig. 6.4 shows the spectra of Sn 3d5/2 obtained from clean ITO and NO-
adsorbed ITO surfaces. The almost identical spectra measured from various surfaces 
indicate that the doping level in bulk of the ITO film remained unchanged when it was 
exposed to NO at room temperature. Therefore, the increase in the sheet resistance of 
ITO film was not attributed to the change of the tin dopants. In this case, the main effect 
of NO adsorption was to reduce the number of oxygen vacancies, thus leading to a 




 XPS was also used to measure VBM spectra of ITO before and after it was 
exposed to NO. The Fermi edge was calibrated for each measurement. The typical 
VBM spectra obtained from a clean and a NO-adsorbed ITO surfaces are shown in Fig. 
6.5. It is obvious from the results in Fig. 6.4 that adsorption of NO on ITO surface 
resulted in an ~0.2 eV shift in its VBM edge towards the lower binding energy side. As 
Fig. 6.4 Sn 3d5/2 core level spectra measured from a clean ITO surface (a) and a 
NO adsorbed ITO surface (b). 
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the VBM is measured in reference to the Fermi energy level of the sample, the shift in 
VBM edge corresponds to a change of the Fermi energy level near the surface of ITO. 
However, the Fermi energy position in the bulk of ITO remains unchanged. This 
implies that NO adsorption induced a reduction in carrier concentration near the ITO 
surface region leading to an upward surface band bending. A schematic energy diagram 
showing the ITO surface with a surface band bending is illustrated in Fig. 6.6. Dotted 
(a) and solid (b) curves shown in Fig. 6.6 represent the energy diagram of clean and 
NO-adsorbed ITO surfaces. In comparison with a clean ITO surface, a thicker depletion 
layer was formed near the ITO surface region due to the absorption of NO molecules, 
and the magnitude of the surface band bending was also increased as depicted in Fig. 
6.6.   
 




















Fig. 6.5 Valence band spectra obtained from a clean ITO film (dotted line) and a 
NO-adsorbed ITO surface (solid line). 
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Surface region Bulk 
 0.2eV 
Fig. 6.6 Schematic energy diagram showing surface band bending of a clean ITO 
(a) and a NO-adsorbed ITO (b). 
 
 
Using equation (4.2), the change in the width of the depletion layer was 
estimated before and after NO adsorption. Here, a change of 0.2 V potential drop can 
result in an increase in the depletion layer thickness about 0.1 nm. This indicates that 
NO adsorption can induce a low resistivity layer and decrease the conductivity of ITO. 
This result is consistent with the analysis based on the sheet resistance measurement 
and the dual layer model.  
 
It is noted that the values of depletion layer thickness obtained from these two 
methods are different. Besides the system errors, this deviation may be mainly due to 
the different NO concentrations used in these two systems. As described in Chapter 3, 
the in situ sheet resistance measurement was performed in the multi-chamber vacuum 
system that is for the purpose of thin film and device preparation. A large gas flow rate 
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is obtained in this system. The NO partial pressure varied from 0 – 1.3 Pa during the 
sheet resistance measurements, while in the XPS studies, NO partial pressure is limited 
to around 5 × 10-5 Pa due to the high vacuum requirement for the XPS system.    
 
As discussed in Chapter 4, ITO is a degenerate n-type semiconductor. The 
conduction band is partly filled with electrons. The Fermi level of ITO is very close to 
the conduction band minimum or even locates inside the conduction band when the 
charge carrier concentration increases. As Fermi level moves to a higher energy in the 
conduction band in the bulk, the electronic states near the conduction band minimum 
are fully occupied. Thus the energy level of the lowest empty states in the conduction 
band moves to the higher energy positions leading to an increase in the energy band 
gap. The band gap broadening due to an increased carrier concentration in ITO film is 
also known as the MB shift [14]. The high electric conductivity and the BM shift 
depends on the carrier concentration in the ITO film, which can be changed by the 
deposition conditions, while the work function of ITO is sensitive to its surface 
condition. The particular Fermi level position at ITO surface is known to locate below 
the conduction band minimum [15,16]. Inhomogeneous doping may induce different 
Fermi level positions for the bulk and surface regions. An upward band bending at the 
ITO surface is expected.  Therefore, it can be understood that the magnitude of the 
surface band bending and the width of space-charge region are related to both the bulk 
carrier concentration of ITO and its surface conditions.   
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The clean ITO surface may have an upward surface band bending as described 
in Chapter 4, however, in comparison with the space charge region induced by the NO 
adsorption, the width of the depletion layer of a clean ITO is thinner due to its 
degenerated nature. The surface region of ITO was further oxidized after NO 
adsorption. It is reasonable to assume that a reduction in carrier concentration in the 
space charge layer near the surface region of ITO, which was induced due to NO 
adsorption, can result in a shift in the VBM edge at the ITO surface. As a consequence, 
the presence of a NO-induced upward bend bending at ITO surface led to an increase in 
its sheet resistance. The analyses based on XPS results agree well with the in situ four-




The surface electronic properties of NO-adsorbed ITO surface have been 
investigated in situ by a four-point probe and XPS. It is found that NO adsorption 
induced an increase in ITO sheet resistance. XPS analyses show that molecularly 
adsorbed NO induced ~0.2 eV shift in its VBM edge to a low binding energy. A few 
nanometers thick low conductivity layer was formed on ITO surface. This was 
attributed to an upward surface band bending and was NO induced. The study of NO 
treated ITO surface electronic properties may provide an insight to understand the 
interaction of ITO with NO. It is clear that the NO gas exposure on ITO modified its 
surface electronic properties. It seems that a NO-treated ITO surface behaves somewhat 
similarly to an oxidative-treated specimen where few nanometers thick low conductivity 
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layer is formed near the surface region. In addition, an understanding of the interaction 
of ITO with NO gas is useful for exploring the potential of a novel ITO-QCM structure 
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CHAPTER 7 EXPLORATION OF ITO AS A SENSING ELEMENT TOWARDS 
NO AT ROOM TEMPERATURE 
 
 
In chapter 6, it has been demonstrated that the ITO film is sensitive to NO at 
room temperature. NO adsorption induced an increase in the sheet resistance of ITO 
films. An upward surface band bending can occur due to the presence of a low 
conductivity layer near the ITO surface region. The understanding of the interaction of 
ITO and NO may indicate a potential application of ITO as a gas sensor towards NO. 
QCM has been known to be sensitive to the change of mass. ITO is coated on quartz to 
fabricate an ITO-QCM sensor and it is expected to develop a NO sensor operating at 
room temperature.  
 
Sensors for toxic gases have attracted much attention due to the growing 
concern for environmental protection and safety. A number of semiconductor oxides 
such as ZnO, SnO2, In2O3 and ITO are used for different gas sensors [1-4].  Most of 
these sensors are based on the resistance variation when the semiconductor oxide films 
are exposed to target gases. Normally, the conventional resistance-type sensors are 
operated at an elevated temperature, usually within the range of 200 – 300 oC [4-8]. The 
requirement for user-friendly sensors drives the effort to develop more portable, 
sensitive and cost-effective devices. In addition, it is desirable and a challenge to 
develop sensors working at a low temperature, especially at room temperature.  
 
QCM has been used widely to monitor the change in mass loading by measuring 
the shift of its resonant frequency. A QCM based sensor consists of a quartz crystal with 
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metal electrodes and a sensing layer coated on the electrode surface. A good sensing 
material can selectively adsorb the target species/gases. The resonant frequency of a 
QCM decreases when gas is adsorbed on the electrode surface. Several thin film coated 
crystals dedicated to the detection of single gas pollutants have been reported [9-16]. In 
these applications, the functional thin films include both inorganic thin films [10,13] 
and organic thin films [9,11,12,14,15,16]. The reproducibility of current organic film-
coated quartz crystals with a general coating method is sometimes questionable since it 
is difficult to recreate the same conditions of the thin film [10]. In addition, the high-
damping polymer-like films cause more power consumption and lower sensor 
sensitivity. Some inorganic thin films show quite stable properties and good 
performance and are the good candidates for the functional coatings [10,13]. ITO is 
well known as an adsorbent or functional material for resistance-type gas sensor 
[17,18]. A combination of ITO films and the quartz crystal is expected to be a sensor 
with high sensitivity and good stability. 
 
The purpose of this work was to demonstrate that ITO film coated quartz crystal 
could be used as the gas sensor for NO detection. Gas sensors with a combination of 
ITO and QCM were developed and used for NO gas sensing in the atmospheric 
environment. In this work, ITO film was used as both electrode and sensing materials. 
Such sensors had a simple layer configuration and can be operated at room temperature. 
The sensitivity and repeatability of the sensors were investigated. The possible sensing 
mechanisms were also discussed.  
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7.1 Sensing properties  
 
In this study, all measurements were performed at room temperature in the 
atmospheric environment. NO was the target gas. It was introduced into the test 
chamber using a calibrated syringe with minimum volume variation of 0.1 ml. In the 
atmosphere, the concentration of the test gas, c, in parts per million (ppm), can be 
estimated as: 
c = Vg/(Vg + V) × 106 ≈ Vg/V × 106 ppm,                                         (7.1) 
where Vg is the volume of target gas, V is the volume of the chamber. We have varied 
the gas concentration from 60 – 2000 ppm in this work.  
 
Prior to introducing the target gas, the system was purged using argon or 
nitrogen for three times and followed by ventilating to the atmosphere. The similar 
purging procedure was also repeated at least three times before the next experiment 
started. This was to ensure eliminating any possible cross contamination. The target gas 
was introduced into the chamber through the attached syringe and the corresponding 
NO concentration was estimated using the volume ratio of syringe to the main chamber 
as described in equation (7.1). The resonant frequency and the electrical parameters of 
the ITO-QCM sensors at different NO concentrations were recorded simultaneously. 
The lowest gas concentration was ~60 ppm. This was obtained using the minimum 
syringe volume of 0.1 ml, with an error < ± 10%. NO gas with high purity of 99% had 
been used for this work. All processes were carried out at room temperature in air. 
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Three types of gas sensors, labeled as #1, #2, #3, were used for the NO 
detection. The ITO electrodes of the sensors #1, #2, and #3 were deposited at the 
hydrogen partial pressures of 0, 2 × 10-3 and 2.6 × 10-3 Pa, respectively. The resonant 
frequency of the sensors was kept constant in air. When NO was introduced into the test 
chamber, the frequency started to shift. Fig. 7.1 shows the time-dependent frequency 
shift of sensor #2 exposed in different NO concentrations. It can be seen that the 
negative frequency shift increased with increasing NO gas concentration. The frequency 
shift showed an approximate linear relationship with the exposure time. The sensor had 
a negative frequency shift of 110 Hz within 600 s when it was exposed to 60 ppm NO.  










 60     ppm
 285   ppm
 590   ppm
 1180 ppm
Fig. 7.1 Time-dependent frequency shift of an ITO-QCM gas sensor (#2 ITO was 
prepared at a hydrogen partial pressure of 2 × 10-3 Pa). 
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We define the frequency-changing rate, Sf = ⎥Δf/Δt⎢, or slopes of Δf-Δt curves, as 
the parameter to reflect the sensor sensitivity [19]. A larger Sf value means a bigger 
frequency shift per unit time and thus a higher sensitivity. Fig. 7.2 shows the 
corresponding relationship between Sf and the NO gas concentration. It was obvious 
that the frequency-changing rate increased with increasing NO concentration.  
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 1st   run
 2nd  run
 3rd   run
Fig. 7.3 Repeatability of frequency shift of an ITO-QCM gas sensor (#2 ITO was 
prepared at a hydrogen partial pressure of 2 × 10-3 Pa). 
 
 
The sensors were sensitive to NO gas with good repeatability of Δf although the 
starting frequency varied in different measurements. Fig. 7.3 shows the repeatability of 
experimental results for sensor #2 testing at an identical NO concentration of 590 ppm. 
A clear negative frequency shift was always observed when NO was introduced to the 
system. Similar frequency-changing rate (⎥Δf/Δt⎢) of 0.6 Hz/s was found in three 
replicate tests within the first 250 s, which indicates a promising reproducibility of the 
device. We have found that the frequency-changing rate of 0.6 Hz/s was slightly lower 
than 0.7 Hz/s of the fresh sample tested. This was probably due to the dissipation of 
some active sites on the ITO surface after the first exposure to NO gas. From Fig. 7.3, 
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diverse frequency-changing rates from 0.6 to 0.8 Hz/s were observed after the first 300 
s. It should be noticed that we pumped out the gases in the chamber and flushed with air 
prior to each test. Although this procedure could remove the residual NO gas in the 
chamber, it might not remove all those NO molecules trapped on the chamber wall. The 
trapped NO molecules would escape slowly from the chamber wall leading to a gradual 
increase of NO concentration in the chamber. The frequency-changing rate fluctuated 
for different measurements, which may be related to the amount and the release process 
of trapped NO gas. The possible corrosion of the ITO electrode may not be the cause of 
the diverse frequency-shift rate, as it could not explain that only the second run showed 
a different behavior in this case. 











 #1 ITO H2:    0   Pa
 #3 ITO H2:  2.6 x 10
-3 Pa
Fig. 7.4 Time-dependent frequency shifts of ITO-QCM gas sensors (#1 ITO and #3 
ITO were prepared at hydrogen partial pressures of 0 and 2.6 × 10-3 Pa, 
respectively). 
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 Fig. 7.4 shows the frequency responses of sensor #1 and sensor #3 working at a 
NO gas concentration of 1170 ppm. The frequency shift for sensor #3 was –3990 Hz, 
however, it was –2514 Hz for sensor #1. This implies that sensor #3, made with a 
higher conductive ITO of 3000 S, exhibited higher sensitivity to NO than sensor #1 
with ITO of 2000 S. Fig. 7.5 shows the frequency shift of sensor #1 and #3 working 
under different gas concentrations within the same time interval of ~600 s. The results 
showed that sample #3 made with ITO, prepared at a hydrogen partial pressure of 2.6 × 
10-3 Pa, had a large frequency response.  











 #1 ITO H2:   0  Pa
 #3 ITO H2: 2.6 x 10
-3 Pa
Time: 600 s
Fig. 7.5 Frequency shifts of ITO-QCM gas sensors as a function of the NO 
concentration (#1 ITO and #3 ITO were prepared at hydrogen partial pressures of 0 and 
2.6 × 10-3 Pa, respectively). 
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 It has been reported that the presence of hydrogen species during the film 
deposition increased film conductivity and reduced the ITO surface roughness [20, 21]. 
As such, sensor #3 had a smoother surface than sensor #1.  We know that the higher 
sensitivity (sensor #3) can be related to either the electrical or the surface morphologic 
properties of the ITO films. If the surface roughness plays a crucial role in the sensor 
response, in principle, sensor #1 should have bigger frequency shifts than sensor #3. 
However, this was not found in our experiment.  Therefore, the different sensitivities of 
these two samples may be mainly due to the difference in electric properties of the ITO 
electrodes. We know that the use of hydrogen in the film deposition created an 
additional number of oxygen vacancies leading to an enhancement in the ITO 
conductivity. In the NO detection, these oxygen vacancies could be involved in the 
processes of physical or/and chemical adsorptions of NO. An increase in the oxygen 
vacancy may provide more adsorption/reaction sites, resulting in higher NO mass 
loading [19], or higher frequency shift. 
 
7.2 XPS and four-point probe analyses 
  
 In Chapter 6, the interaction between the ITO surface and NO has been 
investigated by in-situ four-point probe and XPS studies. NO adsorption induced an 
increase in the sheet resistance of ITO. The N 1s peak located at the binding energy of 
404 eV was observed and this was attributed to the molecularly adsorbed NO on the 
ITO surface.  However, in this study, the ITO-QCM sensor was exposed to NO with air 
as a background. It is expected that the influence of oxygen and moisture existing in air 
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might also be involved in the reaction of NO and ITO. Therefore, in situ four-point 
probe and ex situ XPS measurements were also used to explore the interaction between 
the ITO surface and NO in air at room temperature.  
 
 























Fig. 7.6 O 1s XPS spectra measured for ITO surface before and after NO adsorption. 
  
 The chemical binding energies of O 1s and N 1s for ITO films before and after 
NO exposure were examined in this study. Fig. 7.6 shows the O 1s peaks of the ITO 
film surface before and after NO exposure, and Fig. 7.7 shows the N 1s spectra of NO-
adsorbed ITO surface, before and after the surface removal with argon ion sputtering. In 
Fig. 7.6, an extra shoulder was found in the O 1s profile from a NO-adsorbed ITO 
surface. This peak can be deconvoluted into two components with the binding energies 
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located at 530.8 eV and 532.3 eV, respectively. The observed O 1s peak at 530.8 – 
531.2 eV can be assigned to the lattice oxygen in In2O3 [22]. The peak at a binding 
energy of 532.3 eV can be attributed to a different oxidation state [23]. The above XPS 
results suggest that the ITO surface may contain two different nitrogen species 
corresponding to the N 1s peaks at the binding energy of ~407 eV and ~400.5 eV, 
respectively. The weak peak at ~400.5 eV may be attributed to the adsorbed NO. The 
strong peak at 407 eV may come from the NO3- species [24]. This suggests that a new 
chemical species is formed on the ITO surface. After removing the surface layer, both 
of the two nitrogen peaks disappeared, suggesting that the gas adsorption/reaction 
occurred on the ITO surface. 
  
 























Fig. 7.7 N 1s XPS spectra measured for NO-adsorbed ITO surface before and after the 
Ar+ sputtering. 
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The existence of new NO3- species on the NO-adsorbed ITO surface indicates 
the reaction between NO and ITO, which causes the mass increase. The formation of 
new species may also change the mechanical and electronic properties of the ITO 
electrode. The possible ITO/quartz interfacial stress changes may also affect the 
resonant frequency of the device. However, the precise verification of this interfacial 
effect is difficult to determine directly using XPS study. The behavior of the ITO-QCM 
sensor is quite complicated.  Apart from the NO, some other species, like moisture or 
oxygen, also can cause the sensor response. For example, when the sensor is exposed to 
oxygen, negatively charged oxygen species could accumulate on the ITO surface by 
grabbing electrons from the conduction band and this causes the formation of an 
electron-depleted region near the ITO surface region [25].  In order to avoid the 
interference, the use of dual sensors or the operation of the sensors at two different 
temperatures could be an alternative approach [26]. 
 
It is noted that the nitrogen species formed near the surface region of the ITO-
QCM sensor are different from the ones observed using in situ XPS in chapter 6. This 
may be due to the different exposure environment. In this study, the ITO-QCM sensor 
was exposed to NO in air. However, in in situ XPS study presented in chapter 6, the 
ITO film was exposed to NO in a vacuum preparation chamber with a base pressure of 
~10-8 Pa. Therefore the products of interaction between NO and ITO are different in 
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NO concentration 60 ppm




The sheet resistance of ITO film was also in situ monitored by the four-point 
probe technique. The experiments were performed in the sensing test system as 
described in chapter 3. The experimental conditions were comparable to the real sensor 
detection. The time-dependent responses were recorded, as shown in Fig. 7.8. It was 
found that NO adsorption induced an increase in the film sheet resistance and it also 
cannot recover to the original point after NO was pumped out. It is confirmed that the 
chemical changes occurred at the surface. A high-resistivity layer with a low density of 
free electrons should be formed on the ITO surface after NO adsorption. This is similar 
to the results of in situ sheet resistance measurement performed in the vacuum chamber. 
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Considering the mechanical properties of the crystal, an increase in mass loading 
on a QCM surface causes a negative shift in its resonant frequency. On the other hand, 
in constructing a practical sensor, changes in resonant frequency of the device are 
measured electrically. Therefore, the frequency shifts can also be described by the 
electrical characteristics of QCM using an equivalent-circuit model. As mentioned 
above, the existence of new NO3- species on the NO-exposed ITO surface may cause 
the mass increase, leading to the decrease of the resonant frequency. However, in the 
equivalent-circuit model, the electrical characteristics of the circuit can be related to the 
film properties on the QCM surface. When the film sheet resistance increased, the 
motional impedance increased. This could be another reason that is responsible for the 




 ITO-QCM sensors employing the dual functional ITO as both electrode and 
functional element have been explored. Such sensors were sensitive to NO gas with 
good repeatability at room temperature. The resonant frequency-changing rate of 0.2, 
0.4, 0.7 and 2.0 Hz/s had been found when the sensor was exposed to NO gas at 
different concentrations of 60, 295, 590 and 1180 ppm in air, respectively. In order to 
explore the mechanism of ITO-QCM sensing to NO, XPS and four-point probe 
technique were utilized in this work. XPS analyses revealed that NO reacted with ITO 
leading to the formation of NO3- species on its surface. The mass loading caused by NO 
adsorption resulted in the decrease of the frequency. The results of in situ four-point 
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probe measurement showed that the NO adsorption induced an increase in the sheet 
resistance of ITO. The changes in the electrical properties of the ITO surface can also 
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK 
 
8.1 Conclusions  
 
A systematical research was carried out on the development of high quality ITO 
films at a low processing temperature. This research work has covered the study of their 
electrical, optical and surface electronic properties and the exploration of their potential 
for device applications. Furthermore, efforts were made in understanding the 
fundamental phenomena and mechanisms involved. 
 
A low temperature ITO deposition process using RF magnetron sputtering was 
developed, which involved the introduction of hydrogen into the sputtering gas mixture. 
The experimental results showed that the presence of hydrogen species during the film 
deposition could affect the film properties considerably. The addition of H2 in the 
sputtering gas mixture was shown to broaden the process window and facilitated the 
production of low resistivity and high transparency oxide films. It was found that the 
active hydrogen species could remove weakly bound oxygen in the depositing films, 
leading to an increase in the oxygen deficiency in the films. ITO film with a thickness 
of 130 nm and sheet resistance of 25 ± 5 Ω/sq can be fabricated over the hydrogen 
partial pressure range of 1 – 3 × 10-3 Pa. The relative minimum sheet resistance of  ~25 
Ω/sq was obtained at a hydrogen partial pressure of 2.6 × 10-3 Pa. The average 
transmittance of above 85% over the visible wavelength of 400 – 800 nm was obtained. 
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Surface electronic properties of ITO play a crucial role in determining the 
performance of devices including OLEDs, solar cells and gas sensors. However, the 
surface properties of ITO are poorly known. In this work, the surface electronic 
properties of ITO were studied. A surface band bending model was proposed and it was 
found that the bending occurred near the ITO surface region, resulting from a surface 
depletion layer. The work function of ITO films could be changed up to ~0.3 eV, which 
was controlled by the hydrogen partial pressure, e.g. from 0 to 3.2 × 10-3 Pa. The 
surface band bending was found to be induced by the bulk carrier concentration in the 
ITO films. These results and the findings have provided a basis for engineering the ITO 
surface properties desired for an efficient and durable OLED.  
 
The low temperature ITO film developed in this work was used as the anode for 
OLEDs. A set of identical OLEDs was made on ITO with different carrier 
concentrations. The current density-luminance-voltage characteristics of the devices 
indicated that the carrier concentration in ITO played a role in improving the device 
performance. The interfacial barrier height at the ITO/HTL interface was modified 
leading to an improved hole-electron current balance and hence the luminance 
efficiency of the OLEDs.  
 
The successful demonstration of low temperature ITO for OLEDs has direct 
implication for developing novel flexible OLEDs using high temperature limited plastic 
substrates. Flexible OLEDs using polymer-reinforced ultra-thin glass were fabricated. 
The experimental results showed clearly that OLEDs made on ultra-thin glass substrates 
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exhibited very good performance with high brightness and EL efficiency. A maximum 
luminance efficiency of 5.1 cd/A at an operating voltage of 5 V was obtained. It is noted 
that OLEDs made on ultra-thin glass substrates had higher luminance than the one made 
on the conventional rigid glass because the polymer-reinforced ultra-thin glass has a 
better refractive index match between the substrate and the OLED components 
compared to the devices made with bare glass, which may enhance light extraction. In 
addition, the J-L-V characteristics of flexible OLEDs made with different carrier 
concentrations imply that the carrier concentration in ITO can also affect luminance 
efficiency of OLED, which is attributed to the interfacial electronic properties at 
ITO/HTL interface and hole-electron current balance in the devices.   
 
To further explore the ways in the modification of surface properties, NO was 
employed to modify the ITO surface. It was found that ITO was sensitive to NO 
exposure, which induced an increase in film sheet resistance, arising from a high-
resistivity layer near the ITO surface region. The VBM edge shifted towards the low 
binding energy side. Since the VBM is measured with reference to Fermi energy of the 
sample, the shift in VBM corresponds to a change of the Fermi energy level near the 
surface of ITO.  However, the Fermi energy position in the bulk of ITO remains 
unchanged. This implies that NO adsorption induced an upward surface band bending. 
In comparison with the space charge region of a clean ITO, the width of the depletion 
layer of NO-treated ITO is thicker. It is reasonable to assume that a reduction in carrier 
concentration in the depletion layer near the surface region of ITO, which was induced 
due to NO adsorption, can result in a shift of ~0.2 eV in VBM edge at the ITO surface. 
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As a consequence, the presence of a NO-induced upward band bending on ITO surface 
led to an increase in its sheet resistance.  
 
The understanding of the interaction of ITO and NO at room temperature also 
enabled us to explore ITO in other potential applications, such as sensing elements 
towards NOx. QCM has been known to be sensitive to the change of mass. ITO was 
coated on quartz to fabricate ITO-QCM sensor, and a room temperature NOx sensor was 
developed. The experimental results showed that ITO-QCM had a distinct negative 
frequency shift when it was exposed to NO, confirming the effectiveness of NO 
modification of ITO surfaces and revealing that ITO has potential for NO sensors.  
 
The findings obtained from this work provide technical guidance and 
fundamental understanding of the development of high quality ITO film at a low 
processing temperature. The surface electronic properties of ITO were studied by an 
assumption of the surface band bending model, which is useful for a better 
understanding of optimal anode contact for enhanced OLED performance. Based on 
low temperature ITO developed in this work, an efficient flexible OLED display made 
with polymer-reinforced ultra-thin glass sheet was demonstrated successfully. As 
another important property of ITO, the surface electronic properties of NO-treated ITO 
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8.2 Future work  
 
Although this work demonstrated the feasibility of ITO-QCM sensor for NO 
detection at room temperature, the ITO-QCM sensor, as one of the novel applications of 
low temperature ITO, has not been explored comprehensively in this research because 
the sensor was not the focus of this project. The sensitivity and repeatability were 
investigated, but the selectivity has not been addressed. Usually, good sensitivity, 
selectivity and repeatability are important parameters required to achieve high 
performance gas sensors. Therefore, the sensitivity and selectivity of ITO-QCM to other 
gases besides NO should be considered in future work. On the other hand, the 
mechanism of ITO-QCM sensor has not been fully understood yet. The precise 
verification of the interfacial effect of ITO/NO was difficult to determine directly using 
XPS measurement.  
 
  ITO is widely used due to its high conductivity, transparency and high work 
function for OLEDs, but it still has some disadvantages. Indium can diffuse into the 
organic materials, which is one of the factors in the degradation of OLEDs 
performance. Furthermore, ITO films are very expensive and the indium resource in the 
earth is not abundant. Therefore, another aspect of future work is to develop other 
promising TCO candidates.  Among several transparent conducting materials, 
aluminum doped zinc oxide (AZO) and SnO2 are also suitable candidates for OLEDs 
applications.  The new deposition technology and a better understanding of the 
properties of AZO and SnO2 are important for the novel OLEDs and other applications.  
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